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- The MAILING DATE of this communication appears on the cover sheet with the correspondence address ~ 
Period for Reply 

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE 3 MONTH(S) FROM 
THE MAILING DATE OF THIS COMMUNICATION. 

- Extensions of time may be available under the provisions of 37 CFR 1 . 1 36(a), In no event, however^ may a reply be timely filed 
after SIX (6) MONTHS from the mailing date of this communication. 

- If the period for reply specified above is less than thirty (30) days, a reply within the statutory minimum of thirty (30) days will be considered timely 

• If NO period for reply is specified above, the maximum statutory period will apply and will expire SIX (6) MONTHS from the mailing date of this communication 

* Failure to reply within the set or extended period for reply will, by statute, cause the application to become ABANDONED (35 U S C § 1 33) 
Any reply received by the Office later than three months after the mailing date of this communication, even if timely filed, may reduce any 
earned patent term adjustment. See 37 CFR 1.704(b). 

Status 

1 )H Responsive to communication(s) filed on 26 July 2004 . 
2a)D This action is FINAL. 2b)E3 This action is non-final. 

3) D Since this application is in condition for allowance except for formal matters, prosecution as to the merits is 

closed in accordance with the practice under Ex parte Quayle, 1935 CD. 11, 453 O.G. 213, 

Disposition of Claims 

4) Kl Claim(s) U32 is/are pending in the application. 

4a) Of the above claim(s) 1-20,23-28.31 and 32 is/are withdrawn from consideration. 

5) D Claim(s) is/are allowed. 

6) |E1 Claim(s) 21,22.29 and 30 is/are rejected. 

7) D Claim(s) is/are objected to. 

8) D Claim(s) are subject to restriction and/or election requirement, 

Application Papers 

9) H The specification is objected to by the Examiner. 

10)IE1 The drawing(s) filed on 06 January 2003 is/are: a)H accepted or b)D objected to by the Examiner. 

Applicant may not request that any objection to the drawing(s) be held in abeyance. See 37 CFR 1 .85(a). 

Replacement drawing sheet(s) including the correction is required if the drawing(s) is objected to, See 37 CFR 1 .121(d). 
1 1 )□ The oath or declaration is objected to by the Examiner. Note the attached Office Action or form PTO-1 52. 

Priority under 35 U.S.C. § 119 

12)D Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 1 19(a)-(d) or (f). 
a)D All b)D Some * c)Q None of; 

1 .□ Certified copies of the priority documents have been received. 

2. D Certified copies of the priority documents have been received in Application No. . 

3. D Copies of the certified copies of the priority documents have been received in this National Stage 

application from the International Bureau (PCT Rule 17.2(a)). 
* See the attached detailed Office action for a list of the certified copies not received. 
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DETAILED ACTION 

1 . Applicant's election with traverse of Group III, claims 21-22, 29-30 in the reply 
filed on 7/26/04 is acknowledged. The traversal is on the ground(s) that Groups III and 
V should be examined together and no undue burden would be placed on the examiner. 
This is not found persuasive because as stated in the restriction requirement the groups 
are distinct based on classification as well as the fact that the antibody can be used for 
a different method as stated in the restriction requirement. Therefore, the restriction is 
maintained and it is acknowledged that Group V can be rejoined when Group III claims 
are allowable. Applicants attention is directed to paragraph 4 of the restriction 
requirement for rejoinder practice. 

The requirement is still deemed proper and is therefore made FINAL. 

2. Claims 1-20, 23-28, 31-32 are withdrawn from further consideration pursuant to 
37 CFR 1.142(b), as being drawn to a nonelected inventions, there being no allowable 
generic or linking claim. Applicant timely traversed the restriction (election) requirement 
in the reply filed on 7/26/04. 

3. Claims 21-22 and 29-30 are under examination. 



Specification 

4. The disclosure is objected to because of the following informalities: 
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a. The first line of the specification needs to be updated to indicate application 
09/539,774 is now US Patent 6,350,61 5. 

b. The title of the invention is not descriptive. A new title is required that is 
clearly indicative of the invention to which the claims are directed. 

c. Although this application appears to be in sequence compliance, it is 
requested that either the Figures or the Brief Description of the Drawings include any 
SEQ ID NOs that are in the Figures. 

d. The ATCC address needs to be updated on page 1 5 to the American Type 
Culture Collection, 10801 University Boulevard, Manassas, VA 20110-2209 

Appropriate correction is required. 

Claim Objections 

5. Claims 21-22 are objected to because of the following informalities: Claims 21 
and 22 depend on non-elected claim 19. For examination all of the dependencies of 
claim 19 will be read into claim 21 and 22. 
Appropriate correction is required. 



Claim Rejections - 35 USC §112 

The following is a quotation of the first paragraph of 35 U.S.C. 112: 

The specification shall contain a written description of the invention, and of the manner and process of 
making and using it, in such full, clear, concise, and exact terms as to enable any person skilled in the 
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art to which it pertains, or with which it is most nearly connected, to make and use the same and shall 
set forth the best mode contemplated by the inventor of carrying out his invention. 

7. Claims 21-22, 29-30 are rejected under 35 U.S.C. 1 12, first paragraph, as failing 
to comply with the written description requirement. The claim(s) contains subject matter 
which was not described in the specification in such a way as to reasonably convey to 
one skilled in the relevant art that the inventor(s), at the time the application was filed, 
had possession of the claimed invention. 

The claims encompass an antibody to any mammalian K12 protein or any 
compound that binds to K12 protein. There is insufficient written description 
encompassing "mammalian K12 protein" because the relevant identifying characteristics 
of the genus of such a structure is not given except for SEQ ID NO:1 . In addition the 
only "compound that specifically binds to K12" is an antibody to SEQ ID MO:1 . The 
identifying characteristics of the mammalian K12 protein or other physical and/or 
chemical characteristics of the protein are not set forth in the specification as-filed, 
commensurate in scope with the claimed invention. Vas-Cath Inc. v. Mahurkar . 19 
USPQ2d 1111, makes clear that "applicant must convey with reasonable clarity to those 
skilled in the art that, as of the filing date sought, he or she was in possession of the 
invention. The invention is, for purposes of the 'written description' inquiry, whatever is 
now claimed." (see page 1117). The specification does not "clearly allow persons of 
ordinary skill in the art to recognize that [he or she] invented what is claimed." (see Vas- 
Cath at page 1116). 

Adequate written description requires more than a mere statement that it is part 
of the invention and reference to a potential method for isolating it. See Fiers v. Revel , 
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25 USPQ2d 1601, 1606 (CAFC 1993) and Amqen Inc. v. Chuaai Pharmaceutical Co. 
Ltd,, 18USPQ2d 1016. 

One cannot describe what one has not conceived. See Fiddles v.Baird . 30 
USPQ2d 1481, 1483. In Fiddles v. Baird . claims directed to mammalian FGF's were 
found unpatentable due to lack of written description for the broad class. The 
specification provided only the bovine sequence. Thus, the specification fails to 
describe these DNA sequences. The Court further elaborated that generic statements 
are not adequate written description of the genus because it does not distinguish the 
claimed genus from others, except by function. Finally, the Court indicated that while 
applicants are not required to disclose every species encompassed within a genus, the 
description of a genus is achieved by the recitation of a representative number of DNA 
molecules, defined by nucleotide sequence, falling within the scope of the genus, See 
The Reagents of the University of California v. Eli Lilly and Company . 43 USPQ2d 1398, 
1406 (Fed. Cir. 1997). 

Applicant is relying upon SEQ ID NO:1 as a species to support an entire genus of 
mammalian K12 protein for which applicant only had the human protein of SEQ ID 
NO:1 . In addition the specification only teaches an antibody to SEQ ID NO:1 as a 
compound that binds. There is no other compound as broadly encompassed by small 
molecules, peptides, etc that are described in the specification that is a compound that 
binds. 

With respect to a compound that would be suitable for use in the claimed 
invention, per the Enzo court's example of a description of an anti-inflammatory steroid 



Application/Control Number: 10/080,522 Page 6 

Art Unit: 1642 

couched "in terms of its function of lessening inflammation of tissues," which, the court 
stated, "fails to distinguish any steroid from others having the same activity or function," 
and which therefore, fails to satisfy the written-description requirement. Similarly, "a 
compound that inhibits specific binding between a signal-transducing protein and a 
cytoplasmic protein..." does not distinguish the compound from others having the same 
activity or function and as such does not satisfy the written-description requirement. 
Mere idea or function is insufficient for written description; isolation and characterization 
at a minimum are required. The identity of the compound, and the description must 
convey what the compound is, and not just what it does. The instant application 
discloses no more than a hoped-for function (binding) for an as-yet-to-be-discovered 
compound. 

The guidelines for the Examination of Patent Applications Under the 35 U.S.C. 
112 first paragraph "written description" requirement make clear that if a claimed genus 
does not show actual reduction to practice for a representative number of species; then 
the requirement may be alternatively met by reduction to drawings, or by disclosure of 
relevant, identifying characteristics, i.e., structure or other physical and/or chemical 
properties, by functional characteristics coupled with a known or disclosed correlation 
between function and structure or by a combination of such identifying characteristics, 
sufficient to show the applicant was in possession of the genus (Federal register, Vol. 
66, No. 4, pages 1099-1111, Friday January 5, 2001, see especially page 1106 column 
3). 
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In the absence of structural characteristics that are shared by members of the 
genus of mammalian K12 proteins or compounds that bind to K12; one of skill in the art 
would reasonably conclude that the disclosure fails to provide a representative number 
of species to describe the genus. Thus, Applicant was not in possession of the claimed 
genus. See University of California v. Eli Lilly and Co. 1 1 9 F.3d 1 559, 43 USPQ2d 1 398 
(Fed. Cir. 1997). 

Applicant is reminded that Vas-Cath makes clear that the written description 
provision of 35 U.S.C. 1 12 is severable from its enablement provision (see page 1115). 

8. Claim 22 is rejected under 35 U.S.C. § 1 12, first paragraph, because the 
specification does not enable any person skilled in the art to which it pertains, or with 
which it is most nearly connected, to use the invention, because the specification does 
not provide evidence that the claimed biological materials are (1) known and readily 
available to the public; (2) reproducible from the written description. 

It is unclear if a cell line which produces an antibody having the exact chemical 
identity of 7C3 is known and publicly available, or can be reproducibly isolated without 
undue experimentation. Therefore, a suitable deposit for patent purposes is suggested. 
Without a publicly available deposit of the above cell line, one of ordinary skill in the art 
could not be assured of the ability to practice the invention as claimed. Exact replication 
of: (1) the claimed cell line; (2) a cell line which produces the chemically and functionally 
distinct antibody claimed; and/or (3) the claimed antibody's amino acid or nucleic acid 
sequence is an unpredictable event. 
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For example, very different VH chains (about 50% homologous) can combine 
with the same VK chain to produce antibody-binding sites with nearly the same size, 
shape, antigen specificity, and affinity. A similar phenomenon can also occur when 
different VH sequences combine with different VK sequences to produce antibodies 
with very similar properties. The results indicate that divergent variable region 
sequences, both in and out of the complementarity-determining regions, can be folded 
to form similar binding site contours, which result in similar immunochemical 
characteristics. [FUNDAMENTAL IMMUNOLOGY 242 (William E. Paul, M.D. ed., 3d 
ed. 1993)]. Therefore, it would require undue experimentation to reproduce the 
claimed antibody species 7C3. Deposit of the hybridoma would satisfy the enablement 
requirements of 35 U.S.C. § 112, first paragraph. See, 37 C.F.R. 1.801-1.809. 

Applicants referral on page 15 that the hybridoma producing the 7C3 antibody 
has been deposited at the ATCC is not persuasive because all of the assurances have 
not been met. 

If the deposit is made under the provisions of the Budapest Treaty, filing of an 
affidavit or declaration by applicant or assignees or a statement by an attorney of record 
who has authority and control over the conditions of deposit over his or her signature 
and registration number stating that the deposit has been accepted by an International 
Depository Authority under the provisions of the Budapest Treaty and that all restrictions 
upon public access to the deposited material will be irrevocably removed upon the grant 
of a patent on this application. This requirement is necessary when deposits are made 
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under the provisions of the Budapest Treaty as the Treaty leaves this specific matter to 
the discretion of each State. 

If the deposit is not made under the provisions of the Budapest Treaty, then in 
order to certify that the deposits comply with the criteria set forth in 37 CFR 1 .801-1 .809 
regarding availability and permanency of deposits, assurance of compliance is required. 
Such assurance may be in the form of an affidavit or declaration by applicants or 
assignees or in the form of a statement by an attorney of record who has the authority 
and control over the conditions of deposit over his or her signature and registration 
number averring: 

(a) during the pendency of this application, access to the deposits will be 
afforded to the Commissioner upon request: 

(b) all restrictions upon the availability to the public of the deposited biological 
material will be irrevocably removed upon the granting of a patent on this application: 

(c) the deposits will be maintained in a public depository for a period of at least 
thirty years from the date of deposit or for the enforceable life of the patent of or for a 
period of five years after the date of the most recent request for the furnishing of a 
sample of the deposited biological material, whichever is longest; and 

(d) the deposits will be replaced if they should become nonviable or non- 
replicable. 

Amendment of the specification to recite the date of deposit and the complete 
name and address of the depository is required. As an additional means for completing 
the record, applicant may submit a copy of the contract with the depository for deposit 
and maintenance of each deposit. 

If a deposit is made after the effective filing date of the application for patent in 
the United States, a verified statement is required from a person in a position to 
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corroborate that the biological material described in the specification as filed is the same 
as that deposited in the depository, stating that the deposited material is identical to the 
biological material described in the specification and was in the applicant's possession 
at the time the application was filed. 

Applicant's attention is directed to In re Lundak . 773 F.2d. 1216, 227 USPQ 90 
(CAFC 1985) and 37 CFR 1.801-1.809 for further information concerning deposit 
practice. 

9. Claims 21-22 and 29-30 are rejected under 35 U.S.C. 112, first paragraph, 
because the specification, while being enabling for an antibody that binds SEQ ID NO:1 
or a fragment of at least 5 amino acids of SEQ IS NO:1 wherein the antibody can be 
7C3, with completion of the deposit requirements, does not reasonably provide 
enablement for just any compound that binds to just any K12 protein or an antibody to 
just any mammalian K12 protein. The specification does not enable any person skilled 
in the art to which it pertains, or with which it is most nearly connected, to make and use 
the invention commensurate in scope with these claims. 

Factors to be considered in determining whether undue experimentation is 
required, are summarized in Ex parte Forman . 230 USPQ 546 (BPAI 1986). They 
include the nature of the invention, the state of the prior art, the relative skill of those in 
the art, the amount of direction or guidance disclosed in the specification, the presence 
or absence of working examples, the predictability or unpredictability of the art, the 
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breadth of the claims, and the quantity of experimentation which would be required in 
order to practice the invention as claimed. 

The claims are broadly drawn to an antibody or any compound that binds to just 
any K12 protein or a mammalian K12 protein. 

The specification teaches only SEQ ID NO:1 as the human K12 protein and only 
an antibody as a compound that binds to SEQ ID NO:1 (see Figure 1 and Example IV) 

The claims are not commensurate in scope with the enablement provided in the 
specification because the specification does not disclose a function of the K12 protein or 
what identifying characteristics would be needed for one to have a K12 protein. 
Although the amino acid sequence of SEQ ID NO:1 is disclosed, there's no indication as 
to what parts of the protein are required to have a "K12" protein. The structure of the 
protein is required for a function to be determined and as evidenced from the following 
discussion protein chemistry is probably one of the most unpredictable areas of 
biotechnology. 

For example, the replacement of a single lysine at position 1 18 of the acidic 
fibroblast growth factor by a glutamic acid led to a substantial loss of heparin binding, 
receptor binding, and biological activity of the protein (see Burgess et al, Journal of Cell 
Biology Vol 1 1 1 November 1990 2129-2138). In transforming growth factor alpha, 
replacement of aspartic acid at position 47 with asparagine, did not affect biological 
activity while the replacement with serine or glutamic acid sharply reduced the biological 
activity of the mitogen (see Lazar et al Molecular and Cellular Biology Mar 1988 Vol 8 
No 3 1247-1252). Replacement of the histidine at position 10 of the B-chain of human 
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insulin with aspartic acid converts the molecule into a superagonist with 5 times the 
activity of nature human insulin. Schwartz et al, Proc Natl Acad Sci USA Vol 84:6408- 
641 1 (1 987). Removal of the amino terminal histidine of glucagon substantially 
decreases the ability of the molecule to bind to its receptor and activate adenylate 
cyclase. Lin et al Biochemistry USA Vol 14:1559-1563 (1975). 

These references demonstrate that even a single amino acid substitution or what 
appears to be an inconsequential chemical modification, will often dramatically affect 
the biological activity of the protein. 

The claims encompass an antibody or any compound that binds to any K12 
protein and as evidenced from the above discussion it would be unpredictable what 
other proteins are a K12 protein. In addition, the specification has not disclosed any 
other "compound" that would bind to SEQ ID NO:1 that could be used for detection of 
SEQIDNO:1 

Therefore, in view of the unpredictability in the art of protein chemistry as 
indicated above, and in view of the lack or guidance in the specification and in view of 
the broadly claimed invention, it would require undue experimentation to practice the 
broadly claimed invention. 

Claim Rejections - 35 USC § 101 

10. 35 U.S.C. 101 reads as follows: 

Whoever invents or discovers any new and useful process, machine, manufacture, or composition of 
matter, or any new and useful improvement thereof, may obtain a patent therefor, subject to the 
conditions and requirements of this title. 

1 1 . Claims 21-22 are rejected under 35 U.S.C. ' 1 01 because the claimed invention 
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is directed to non-statutory subject matter. 

Claims 21-22 as written, do not sufficiently distinguish over antibodies as they 
exists naturally because the claim does not particularly point out any non-naturally 
occurring differences between the claimed antibodies and binding compositions and the 
structure of naturally occurring antibodies. 

In the absence of the hand of man, the naturally occurring antibodies are 
considered non-statutory subject matter ( Diamond v. Chakrabartv . 206 U.S.P.Q. 193 
(1 980)). It should be noted that the mere purity of a naturally occurring product does 
not necessarily impart patentability (Ex parte Siddiaui . 156 U.S.P.Q. 426 (1966)). 
However, when purification results in a new utility, patentability is considered ( Merck 
Co. v. Chase Chemical Co. . 273 F.Supp 68 (1967), 155 USPQ 139, (District Court, New 
Jersey, 1 967)). Amendment of the claim to recite "an isolated" or "purified" antibody or 
similar language would obviate this rejection. 



Conclusion 

12. No claim is allowed. 

1 3. Any inquiry concerning this communication or earlier communications from the 
examiner should be directed to Larry R. Helms, Ph.D. whose telephone number is (571) 
272-0832. The examiner can normally be reached on Monday through Friday from 6:30 
am to 4:00 pm, with alternate Fridays off. If attempts to reach the examiner by 
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telephone are unsuccessful, the examiner's supervisor, Jeffery Siew, can be reached at 
(571)272-0787. 

14. Papers related to this application may be submitted to Group 1600 by facsimile 
transmission. Papers should be faxed to Group 1600 via the PTO Fax Center. The 
faxing of such papers must conform with the notice published in the Official Gazette, 
1096 OG 30 (November 15, 1989). The Fax Center telephone number is 703-872- 



9306. 



571-272-0832 



Larry R. Helms 
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that * ifwc4KKW5 oivcrHiy oi *nut>ody molecules must 
be a vattablc from which tome antibodies can be sdectcd 
for every possible antigenic structure In order (o regu- 
late such » diverse system, a network cheery has been 
proposed, in which antibodies arc ttiemsclvcs rccognitcd 
as antigenic (sec Chapters (2 and 24, and rcf, 19), and 
the response (o streptococcal pdysaccharidc is a leading 
example in which antt-idiotypic antibodies can be shown 
to regulate (he response (o tntigen (20). 

Recent studies of a series of 17 monoclonal dhti*<v 
(I C) dextran hybridomas (21,22) have investigated 
whether the binding sites of closely related antibodies 
would be derived from a small number of variable region 
genes- for both heavy and light chains, or whether anti- 
bodies otthc same specificity could derive from variable 
region genes with highly divergent sequences. Each 
monoclonal had a groove-type site that could hold six or 
seven sugar residues (with one exception), based on inhi- 
bition of immunoprctipiutiou by different length oligo- 
saccharides. Thus, unlike monodonals to haptcnatcd 
proteins, the precise epitope could be well characterized 
and was generally quite similar among ihc entire series. 

Studies of the V, sequences revealed Hut only three V # 
groups were used in these hybodomas. Use of cadi V, 
group correialcd wi(h the particular antigen used (o im- 
munize che animals, whether linear dextran or short oli- 
gosaccharides, so that 10 of the monodonals from mice 
immunized the same way all used the same V,, 

In contrast the 17 V M chains were derived from at 
least five different germ line genes from three different 
V M gene families (23). The two most frequently used 
gcrmline V M genes were found in seven and five mono- 
donals, respectively, with minor variations explainable 
by somatic mutations. Once again, V M gene usage corre- 
lated with size of the antigen used to immunize, although 
the length of each CDR did not correlate with the size of 
the groove-type binding site. The remarkable finding is * 
that very different V M chains (about 50% homologous) 
can combine with the same V* to produce antibody- 
binding sites with nearly the same size, shape, antigen 
specificity, and affinity. A simitar phenomenon can also 
occur when dirTerent V K sequences combine with differ- 
ent Vfc sequences to produce antibodies with very simi- 
lar properties. This is a result of the (act that dextran *- 
binding depends on the antigen fitting into the groove 
and interacting favorably with the residues forming the 
sides and bottom of the groove. The results indicate that 
divergent variable region sequences, both in and out of 
the complementarity-determining regions, can be folded 
to form similar binding site contours, which result in 
similar immunochemical characteristics. Similar results 



^Ti ^^cvca used WAiYsi dtf$&§ 
ent V (i genes, these two families of monodonals ! 
an experiment of nature concerning the ability , 
V H gene to combine with different light chain V ' 
genes, as well as heavy chain D and J H genes to p£ 
groove-shaped binding site of a given specifidty, i 
one of these 2 1 monodonals, the same light civ 
Oxl gene was used, but the V„I9 family used a t\ 
sequence cxdusivcly (J K 2), white the V l( 9 fan 
duded all four of the active Jjcscgmcnts (J K |- J 
5). Similarly, the heavy chain J,< sequences of tlx 
family were all of a single type (J„3), while tho* 
V M 9 family included throe types CJ H I, 2, and 3). , 
D region was used by both families (DFLI6.1 ), 
junctional sequences between V K -Dand D-J H ^. 
fercnt, with the V H |9 using minimal substitution 
the V,<9 allowing more variability in junctio 
quences, depending on the size of the J M with v 
was joining. Although the amino acid sequences « 
two V H genes arc 73% identical, they use markc 
fercnt strategics to arrive at the same groovc-typ 
ing site with nearly identical sire and specifier 
results suggest that the two heavy chain variable i 
perhaps due to their conformation, may place d 
structural constraints on which minigene comi 
can successfully contribute to forming a particu 
Two different strategics for generating antibody a 
ity arc apparent, even though the same V K and I 
genes were used by both families. For the V K 1 9 
point mutations in the CDR2 generated the <*< 
dextran specificity, while the rest of the struct < 
hdd constant. For the V M 9 family, a wide varict 
J K , and y„-D and D-J M sequences were used t< 
ale the groove-type site. These two blueprints f 
structing a binding site may also reflect distinct 
pathways for generating antibody diversity. 



Protein and Polypeptide Antigenic Determinant: 

Like the proteins themsdves^ the antigen c 
nants of proteins consist of amino add residues i 
licular three-dimensional array. The residues th 
contact with complementary residues in the at 
combining site arc called contact residues. To m; 
tact of course, these residues must be exposcc 
surface of «.hc protein, not buried in the hytfr 
core. Since the complementarity-determining 
in the hypcryariahtc regions of antibodies ha 
found to span as much as 50 lb 40 A X 1 5 to 20 / 
(D, Davics. furs<UMi c*HtutUf<tica(i<**i). these 
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Transforming Growth Factor a: Mutation of Aspartic Acid 47 and 
Uucfne 48 Results in Different Biological Activities 
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To study the relationship between the 
of lis functional properties <~m|«tlt«« ^«i«P "^J^^tagl. amino acid mutations into the sequence 
and induction of ^^i^^'^^^t^iyi and muUnt proteins were expressed in a 
for the fully processed, ^^^^^J^^JSLJS amino adds (hat are conserved In the 
vector by using a yeast a mating P h « rorao ™ P.™ 1 "" l T e ™ Xxv-termlnal part of TGF-a resulted In different 
family of the EGF-like pepUdes and are itaW Mj*J ^S^S^t, blol0 glcal activity was retained; 
biological effects. When aspart Ic acid 47 acl / e Crated muUnls with reduced binding 

In contrast, substitutions of his residue wtth se rine or g^uun* a b ^ ^ ^ fc ^ 

and colony Wi* capacities. When ( leucine ^ 48 w as jy£*£^ e or ' metmomne ^ted In very low 
colony-forming abilities resulted; mu | aUon .. 0 /^" c ' n ' „^ ^Ino acids In positions 47 and 48 play different 
activities. Our daU suggest that these f^^SS^lSS^M thecarboxy terminus of TGF-« is 
roles in defining the structure ^^^^^MtAMin of leucine 48 appears to be crucial either 

SdSy 1 ^ 

of TGF-ot by its receptor. ^ 



Transforming growth factor « (TOF-«) is a 9*W*jj^ 
50 amino acids First isolated from a ^rovims-transformcd 
ZEE* line (9), it has subsequently beerr found in 
tumor cells (10, 29), in the earfy ra t wj^^fopj 
recently in cell cultures from the pituitary gland (23 lOr-o 
to be closely related to epidermal growth factor 
^t^c^and functionally 09. 20). Jhe^ojjP- 
Udes apparently bind to the same receptor, and both induce 
SSe-indeWndent growth of certam ^nontrans ormed 
cells, such as NRK cells, in the presence of TOF-p )• 

Comparison of amino acid sequences reveal about 35/6 
noinology among the EGF-Uke pep^ ("V ™££ 
ST 2d hmnan [13] EOFs and rat [19] ana human [12] 
mkSl Septal peptide. (Shope fibroma growth fac or 
W^S^S^SSm [2], and myxoma growth factor 

If TOF-« is involved In transformation, a TGF-a anl *&° 
uist cVuld be an important *«^»*£!2&tt 
of certain types of malignancies. An ««^™«^_* *™ 
conformational and dynamic properties of the iTOF-ot .mole 
cule is basic to the design of an antagonist. A JVggJ* tea 
antagonist would bind to the same receptor as TGF-a, but 
woufd no induce the series of proliferative and transform ng 
IveSs induced by TGF-a. To obtain such a molecule i is 
nece w to dissociaTe interactions responsible for binding 
from Sose involved in signal transduction We decided to 
aplach the problem by way of site-directed mutagenesis o 
appru<H.u i"^ y 1 v ' . . enort wc describe our 

a human sequence of TGF-a. In this repon wc ^ 
first series of mutations, which were earned out at residues 
Asp-47 and Lcu-48, in the carboxy-terminal part of TOF^x, 
these two amino acids are highly ?^*%^f5^* 
family of peptides. We show that these two adjacent residues 
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play different roles in the structure and/or function of 
TGF-a. 

MATERIALS AND METHODS 
Cells. Normal rat kidney (NRK) cells were_ grownto 
Dulbecco modified Eagle medium containing 10% (vol/vol) 

^TGFTgene. The sequence of the 50-amino-acid human 
TGF-a was originally derived from a human TOF-et precur- 
sor cDNA (12). The coding sequence is preceded by laAiu 
meSine codon and followed by aTAA stop c°*j|»»jjj 
flanked by EcoRI restriction sites. This £^RI fragment 
combines the 59-base-pair ficoRI-NcoI fragment fromplas- 
Sd P TE5 (12) with the 111-base-pair NcoI-^Wfi^ment 
from plasmid pyTE2 (U). The resultingJfcoRI fog"?* 
Sdin MUmplS for site^iirocted mutage n«sis. 

Synthesis and purification of oligonucleotide* •«<> ft 0 "" 
deSe-dlrected mutagenesis. The synthesis and PJ^caUon 
SfSfl- to 27-nuclcotide oligonucleotides were 
described previously (31). The one J o. .two "ggJfS the 
sponsible for the mutation were located in the middle ot tne 
oUgonucleotide. Mutagenesis was V*^*jfigZ 
procedures (21, 33). The sequences of the mutant clone 
were verified by the method of S^eULWr , 
Yeast shuttle vector. The vector YE P 70«T contains a yeas 
„-factor pheromone promoter, and P^P™^ 1 ^ ™- 
expression of TGF-a (15). The n» uU V?^H ^oloaT 
quencc was inserted in the EcoRI site of plasmid ^EpTOa i 
and expressed in the form of a fusion protein c^jJJ^Sr 
amino acids from the prepro sequence of 
attached to the amino terminus «fJ£ F ^ ±T a Lids 
cleaves the precursor and secretes TGP-« with 8 Mjjgo 
fused to it (4 arc encoded by the P«PW«f jS 
and the other 4 are encoded by the DN A sequence addefl , i 
insert of the TOF-« gene). The last «J^JZ£S£Z 
methionine, which aUows the cleavage of the secreted tusi 
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protein by cyanogen bromide (CNBr) and the release of a 
mature TGF-a (50 amino acids) (see Results), 

Yeast strain and transformation. The yeasl Saccha 
romyces cerevisiac 20B-12 (AM 7a (rpl pep4-3) (17) was 
obtained from the Yeast Genetics Stock Center, Berkeley, 
Calif. S\ cerevisiae 20B-12 was grown in YEPD medium (1% 
yeast extract (Difco Laboratories), 2% Baclo-Peptone 
[Difco], 2% glucose). When the culture reached an optical 
density at 660 nm of l t spheroplasts were prepared (14) for 
transformation. For each transformation we used 10 to 15 
of purified plasmid DNA. 

Partial purification of TGF-a mutants. At 3 days after 
transformation, five individual colonies of transfortnants 
were grown to saturation in YEPD medium. The amount of 
protein in the yeast medium was measured by the method of 
Bradford (3), and the amount of mutant TGF-a secreted in 
the yeast medium was determined by radioimmunoassay. 
The clones which secrete the highest amount of mutant 
TGF-a were used to grow a 1-liter culture in YNB-CAA 
medium (0,67% yeast nitrogen base, 20 g of glucose per liter, 
10 g of Casamino Acids [DifcoJ per liter). After the culture 
reached saturation (optical density at 660 nm of 10 to 12) (48 
h in an air shaker at 30°C), the yeast conditioned medium 
was dialyzed extensively against 1 M acetic acid in 3,000- 
molecular-weight cutoff dialysis tubing. Usually 250 ml of 
dialyzed culture was lyophilized, suspended in 10 ml of 70% 
formic acid, and treated with CNBr (molar excess of 500) for 
20 h at room temperature. The CNBr was subsequently 
evaporated, and the samples were lyophilized. CNBr-treated 
samples were suspended in 1 ml of 1 M acetic acid, loaded on 
a Bio-gel P30 column (30 by 1,5 cm [Bio-Rad Laboratories)), 
and eluted with 1 M acetic acid. Fractions of 1 ml were 
collected, Aliquots were lyophilized, suspended in binding 
buffer (minimum essential medium containing 1 mg of bovine 
serum albumin per ml and 25 mM HEPES [N-2-hydroxy- 
ethylpiperazine-iV'-2-ethanesulfonic acid; pH 7-4]), neutral* 
ized if necessary' to pH 7.4, and tested in EGF-binding 
competition and soft-agar assays, as well in radioimmunoas- 
say. 

Radioimmunoassays* The amounts of TGF-a secreted in 
the yeast medium were determined by radioimmunoassay 
with the immunoglobulin O fraction of a polyclonal anti- 
body* 34D, raised against recombinant human TGF-a (4), in 
0.1 M Tris (pH 7.5)-0.15 M NaO-2.5 tng of bovine scrum 
albumin per ml. The amounts of partially purified TGF-a 
present in the P30 column fractions were measured by using 
the Biotope RLA kit with polyclonal antibody against human 
TGF*a (a gift from W« Hargreaves, Biotope), under dena- 
turing conditions, as recommended by the supplier. 

EGF binding competition assay and soft agar assay. Both 
EGF-binding competition and soft-agar assays have beeti 
described previously (1). 

RESULTS 

Rationale for mutations In the carboxyl terminus of TGF-a. 
Figure 1 shows the amino ^cid sequence of TGF-a in which 
the residues that are conserved among all the EGF-like 
peptides described thus far (EGF, TGF-a, and EGF-like 
viral proteins) are enclosed in bold circles. Among the 11 
conserved amino acids, there arc 6 Cys and 2 Gly residues, 
which presumably play essential roles in determining the 
overall conformation of the molecule. We concentrated on 
the two conserved amino acids in the carboxyl terminus, 
Asp-47 and Leu-48< The Asp in position 47 is conserved 
among the EGFs and TGF-a (human or murine), but not 
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FIG, 1. Mutations in the carboxy terminus of human TGF-a. The 
amino acids conserved in alt the family of EGF-like growth facton 
(human and murine EGFs and TGFs, as well as the gene products of 
the vaccinia virus [vaccinia growth factor), the Shop* fibroma vinis 
(Shope fibroma growth factor], and the myxoma vims (myxoma 
growth factor]) are enclosed in bold circles. The mutations of amino 
acids at positions 47 and 48 arc indicated. Symbols: A, Ala; C Cys 
D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, lie; K, Lyi; L, Leu; M 
Met; N, Asn; P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V, VaJ; W, Trr 
Y, Tyr, 



among the EGF-like viral proteins (vaccinia growth factor. 
Shope fibroma growth factor, or myxoma growth factor), 
whereas Leu 48 is conserved among all the EGF-like pep- 
tides so far described. In both mouse and human EGF, the 
two corresponding residues (Asp-46 and Leu-47) are located 
near the surface of the protein (8, 22, 22a). We designed a 
series of mutations in these two positions. 

Asp47 has been mutated to Glu, Asn, Ser, and Ala. Gtu 
was chosen because it has the same charge as and a larger 
size than Asp; Asn has a similar side-chain structure, but is 
uncharged; Ser is smaller but still polar; Ala is smaller and 
nonpolar. 

Leu 48 has been mutated to He and Met, which are both 
large, nonpolar residues like Leu, and to Ala, which is 
nonpolar but smaller. We Introduced the chosen mutations 
by site-directed mutagenesis of the cloned human TGF-a 
gene, using synthetic oligonucleotides. 

Construction of the yeast a mating pheromone-humaa 
TGFh* plasmid- The TGF-a expression vector pyTEl (Fig. 
2) was constructed by using plasmid YEp70aT (15) which 
contains the 2jim origin of replication and yeast TRPtV*& 
for its replication and selective maintenance, respectively. 
YEp70otT also contains the yeast a-factor promoter, the 
a-factor prepro sequence coding for 89 amino acids, and the 
sequence for 3 amino acids resulting from the introduction oi 
Xbal and EcoRI sites. The human mature TGF-<x 
(12) is contained in a 170-base-pair £coRI fragment whlcn 
includes an ATG (Met) codon preceding the sequence o\ 
TGF-a and a TAA (stop) codon followed by 8 nudeotid^ 
This TGF-a sequence was inserted in the unique EcoVd W 
of YEp70aT. Clones with the proper orientation were * 
lectcd, and DNA was isolated for yeast transformation. 

Measurement of TGF-a secreted by S. CfftvisUu, in 
amount of total proteins secreted into the yeast culture w» 
10 ± 1 p.g/ml for wild-type as well as mutant TOF-<* » 
determined by the method of Bradford (3). Before rung 
purification was attempted, we wanted to determine wnc i 
the mutated TGF-a proteins were being secreted oy 
yeast. The low pH of the yeast medium, as well as the ac*>' 
proteins secreted in the yeast culture, P^ cIud ^J ,l V^SrJ 
assay of secreted mutants, Therefore, immunological 
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FIG, 2, Structure of the $. cerevisiae 8,2-kilobase shuttle vector 
pyTEl, The secretion of the TGF-a gene is under the transcriptional 
control of the yeast a-factor promoter and prepro sequence (t^a ). 
The yeast 2u,m origin of replication (m?i) and the selective yeast 
TRPI gene (E23 ) arc indicated. The TGF-a gene, preceded by an 
initiation (ATG) codon and followed by a stop (TAA) codon, is 
insetted in the EcoRl site. Details are given in Materials and 
Methods and in Results, 



ods were used. Wild-type and mutant TGF-a 1 s were se- 
creted at a level of 100 to 200 ng/rnl and 10 to 500 ng/ml, 
respectively (as determined by radioimmunoassay with poly- 
clonal antibody 34D). We thus estimate that the percentage 
of TGF-a secreted in the yeast culture is at least 1% of the 
total protein secreted. We cannot yet assess whether the 
variations in the levels of secretion of different mutant 
TGF-a proteins are real or whether one singlc-amino-acid 
substitution drastically affects the recognition by the anti- 
body. The latter hypothesis is the more likely, since the use 
of another polyclonal antibody (Biotope) under denaturing 
conditions enabled us to detect certain TGF-a mutants (such 
as [Ala 47]-TGF-a, in which the amino acid in position 47 of 
human TGF-a is mutated to an alanine) that were poorly 
detected by 34D, under nondenaturing as well as denaturing 
conditions. After the amount of TGF-a mutant proteins was 
estimated, the medium was extensively dialyzed against 1 M 
acetic acid and lyophilized as described in Materials and 
Methods. 

Partial purification of yeast-secreted TGF-a. Although the 
yeast shuttle vector was constructed in such a way as to 
secrete TGF-a with 8 amino acids fused to the N terminus, 
it was often observed that a significant fraction of the 
secreted TGF-a was in a higher-molecular-weight fragment 
corresponding to the size expected from an unclcaved (un- 
processed) 92-ami no-acid fusion protein, Since a Met had 
been introduced at the N terminus of TGF-a and since 
TGF-a coii tains no Met in its sequence, CNBr treatment 
could be used to cleave either of these 8 or 92-ami no-acid 
N-tennmal peptides and release the complete 50-amino-acid 
TGF-a, Indeed, CNBr treatment of yeast-secreted proteins 
resulted in the conversion of high molecular-weight TGF-a 
into the 6,000-molecular-weight species, as revealed by 
Western immunoblot (data not shown). 

CNBi -cleaved samples (see Materials and Methods) were 
purified on a Bio-Gel P30 column. Figure 3 shows the elution 
profile of the proteins, as well as the results of a radiorecep- 
tor assay and a soft-agar assay performed on aliquot s of the 
column fractions, The A 2m profile shows two major peaks of 




2 

o 



FIG, 



FRACTION (1 ml), NUMBER 
3. Purification of yeast-secreted wild-type TGF-m. The pu- 



rification procedure is described in Materials and Methods and in 
Results. Aliquots of every other fraction of the Bio-Gel P30 column 
were tested for their abilities to compete with l25 I-EGF for binding 
to the EGF receptor (A) and to induce colony formation (>62 p,m) 
on NRK cells in soft agar in the presence of TGF-p (1 ng/ml) (•). 
The A 28 o profile of the proteins was determined ( ). 



eluted proteins, one corresponding to the void volume and 
the other one to proteins of molecular weight <3,000. 
Aliquots of the column fractions were tested for their ability 
to compete with 125 I-EGF for binding to the receptor. The 
fractions that were the most active in this assay were located 
between the two major protein peaks, in an area where 
relatively few proteins eluted, Although some activity was 
found in the first protein peak (void volume), this was 
considerably reduced on treatment with stronger CNBr (dat a 
not shown). 

Aliquots of each fraction were also tested for their ability 
to induce anchorage-independent growth of NRK cells in 
soft agar in the presence of TGF-(3 (1 ng/ml). The receptor 
binding and colony-forming activity superimposed almost 
exactly (Fig. 3), Analysis by polyacrylamide gel electropho- 
resis with silver staining, as well as by Western blot, of the 
column fractions shows that our purification procedure 
(CNBr cleavage followed by P30 sizing column) eliminates 
high-molecular-weight proteins (data not shown). Since pure 
TGF-a migrates in a broad band on sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (32), this technique can- 
not be used for proper assessment of the degree of separa- 
tion of TGF-a from low-molccular-weight contaminating 
proteins. Nevertheless, within our detection levels the 
amounts of TGF-a present in the column fractions (detected 
by radioimmunoassay using the antibody from Biotope) 
correlated with the amounts observed on sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (data not shown), 

Comparison of binding and colony-forming activity of 
TGF-ot partially purified from yeast media. It was important 
to show that wild-type TGF-a secreted from S. cerevisiae 
had the expected biological properties and that its activity in 
soft>agar and radioreceptor assays was equivalent. For these 
assays, the amount of EGF-competing activity present in the 
most active fraction of the P30 column of wild-type TGF-a 
was measured in terms of EGF equivalents. The dilution 
curve had a slope that was parallel to that of the EGF 
standard. This value was also used to measure the colony- 
forming activity of the partially purified wild-type TGF-a 
(with EGF as a standard in the assay). The colony-forming 
activity of the partially purified wild-type TGF-a corre- 
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TABLE I, Biological and biochemical activities of mutant TQP^ 
proteins secreted by S. ceccvisfae and partially purified 
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FIG 4 Correlation between the activities in the binding and 
colony-Conning assay for the partially purified wild-type TGF-a 
secreted by S. ctrtvisiat. The activity in the radioreceptor assay of 
the peak fraction from the P30 column was determined in fcOh 
equivalent concentration. The value obtained was used for the 
soft-agar assay. Colonies of >62 p-m (A) and the EOF standard (•) 
are shown. 

sponded exactly to that of, EOF (Fig. 4). Thus, we have 
partially purified a wild-type SO-amino-acid TOF-a showing 
(he expected binding and colony-forming activities, which 
provides a reference substance for mutant TGF-«s that 
might show a dissociation of binding and colony-forming 
abilities. . 

Biological and biochemical activities of the partially purified 
TGF-ot mutant proteins. Mutated TGF-ocs were expressed by 
using the yeast system and partially purified on Bio-Gel P30 
■columns as described in Materials and Methods. Mutant 
TOF-as were usually obtained from two different clones of 
yeast transformants. The CNBr-cleaved samples were pun- 
ned through different Bio-Gel P30 columns for each mutant 
protein to avoid any possible contamination from one pep- 
tide to another. The purification profiles observed with the 
mutant TOF-«s were similar to those obtained for the 
wild-type TOF-a. AHquots of the P30 column fractions were 
tested in radioreceptor and soft-agar assays. For aU mutant 
proteins, the highest activity in both assays was always 
found in the same fraction of the Bio-Gel P30 columneffluent 
(peak fraction). Extensive purification of a senes of mutant 
proteins for screening purposes is not practical. Therefore, 
we needed a quantitation system that would allow us to 
compare mutant proteins with each other. Thus, the amount 
of TGF-a present in the peak fraction was estimated by 
radioimmunoassay with an antiserum to native TOF-a (ob- 
tained from W- Hargreaves), under denaturing conditions, as 
described in Materials and Methods. All values given in 
Table 1 were obtained from the peak fraction. 

The controls done with the wild-type TGF-a showed (Fig. 
4; Table 1) that binding and transforming activity were 
equivalent. The yeast vector without a TOF-a insert did not 
secrete any EOF-like proteins, as determined by both radio- 
receptor and soft-agar assay. f „,,„„„, 
Two types of results were obtained upon assay of mutant 
proteins having different amino acid substitutions at Asp-47. 
In both f Ala-471-TOF-a and [Asn-47J-TGF-a, binding abil- 
ity was retained. Soft-agar and radioreceptor activities cor- 
related for (Asn-471-TOF-a; there was a lower value for 
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44 


220 


66 


48 


ND 


[Asn-47]-TGF~a 


80 


72 


180 


75 


72 


525 


(GliM7]-TGF^ 


3 


3 


42 




10 


4 


60 


[Ala-481-TGF-et 


0 


0 






0 


0 


220 


[lle-48}-TGF^ 


4 


12 


470 


2 


7 


490 


[MeM8)-TGF-<x 


2 


8 


453 


0.5 


2 


420 



- ND» Not determined, 

colday-forming activity than for EGF-binding compctit 
for CAla-47KTGF-<*. [Ser-47}-TGF-a and [Glu-47}-TGl 
appeared to have lower activities in both assays than eit 
wild-type TGF-ot or [Ala^47}-TOF-a and [Asn-471-TGF 
These results indicate that neither the cart*oxyl charge 
the polarity of Asp-47 is essential for biological activity, 
The effects of mutation of Leu-48, one of the 11 anc 
acids perfectly conserved among all the EOFs, TGF-ots, 
viral EGF-like proteins, are dramatic, [AU-48}-TGF-ot 
tally lacked binding and colony-forming activity, I 
48}~TGF-tt and tMet-481-TOF-ot had very Utde^lolog 
activity compared with wild-type TOF-a. Another subs 
tion, lMeM8}-TGF-a\ resulted in a truncated mutant tori 
the last 2 amino acids and having a substitution of I* 
homoserine at position 4$ following treatment with CI 
Alternatively, if tMet-48FFGF-a was not treated 
CNBr, fusion proteins of TGF-a (mutated to Met in pos 
48) with S or 92 amino acids attached at the N terminus < 
obtained. Very low activities In binding and soft-agar as 
were found for these mutants, whether or nottiiey 
cleaved with CNBr. Experiments on EOF and TGF-a 
shown that an ^terminal extension does not marl 
modify EGF-binding activity (12, 26). Therefore, the ic 
activity obtained with [MeM8}-TGF-a that has not 
CNBr treated was probably due to the mutation ttsei 
not to the ^terminally extended fusion protein; We o 
know whether the loss of activity observed with the i 
shortened to 48 amino acids and having a substituu 
Leu-48 to homoserine is due only to the mutation or a 
the lack of the last 2 amino acids. 

The data obtained by radioimmunoassay on the pa 
purified wild-type and mutant TGF-a show that the aj 
of TGF-a detected was always higher than the a; 
determined by measurement of biological activity, 
be due to the presence in the faction of a certain pero 
of incorrectly folded TGF-a that might be recognize 
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^immunoassay under denatunng conditions but would 
Z be biologically active. None of he mutant protein 
seemed to be present in amounts equivalent to those ob 
SS 1 for wild type TGF-« in the partially punfic fracuc ns 
(whether radioimmunoassay, radioreceptor or sofl-agar _as- 
<av was used for quantitation). It is not clear whether 
insistently less TGF-a was produced by the mutant con- 
trucls than by the wild type or whether the secreted I mutant 
proteins were simply less well recognized by he an body . 
Because of these uncertainties, the biological activities of 
the different mutant proteins cannot be accurately related to 
a known amount of mutant TOF^ protein. Even though 
radioimmunoassay should be used with caution for aquan. 
, ite Uve evaluation of mutant TGF-a proteins " P°"» v « 
action demonstrates that immunoreactive TGF-a was 
present in the P30 peak fraction tor^jnutart. T^tore 
the fact that one of the mutant proteins «Ala-48}-TGF-a) 
biologically inactive can be attributed to the mutation it elf 
and not to the lack of production of the mutant protein by the 
yeast or its loss through purification. However, if the mutant 
Uteins are in fact as immunoreactive as the wild type, then 
IAla-471-TGF-a and [Asn-47}-TGF-a are as active as wild- 
ype TOPS and [OlUl-TOF^and P»JHJgg« « 
esVactive; in contrast, Hle-48r-TOF^ arid (MeM8]-TGF^ 
are almost inactive. The differences between mutation of 
Asp^7 and Leu-48 would then be even more sinking. 

DISCUSSION 



TOF-« shows sequence homologies with EOF, and both 
growth factors share the same cellular receptors (20). Even 
Sough EOF was discovered 25 years ago (7) and its prop- 
erties have been extensively studied over the years (5) the 
binding site of EOF to its receptor has still not been 
determined, and the relationship between structure and 
fu^X of EGFflOF-a is still to be discovered. Part.cu- 
E£y, we do not know whether binding to the receptor and 
signal transduction occur through one or more domains of 
fmolecule or through which amino adds. We approached 
the question by performing sitendirccted n"**^"™ 
TGF-* and focused our attention on two adjacent amino 
Sfe7Asp-«7 and Leu^8, located in the carboxy terminus 
Sdl hlSarconserved In the EGF-tike family of peptides. 

Unexpectedly, these two amino acids showed very different 

SvSesto mutation and particularty to a substitution to 

STK-47J-T0F-* retained binding ^ 

*£vities whereas [Ala-48}-TGF-a completely lost both 

Sties! ThSaShow 'tat ^™*^&Mot 
different roles in defining the structure and/or the activity ^of 
TOF-a. The other mutations performed on Agg^^gJ 
substitutions to Asn. Ser, and Olu. (AsM ^J like 
(Ala-47}-TGF-a, was active in binding and induction _of 
colony formation, but [Ser-47}-TGF-« and^ [01u-471-TGF-<x 
showed weaker growth factor activities. These results indi- 
te that neithef the carboxyl charge nor the polarity of 
ShTSs essential for biological activity. Interesting y two 
of the EGF-tike viral proteins, myxoma growth factor and 
Shope fibroma growth factor (6. 30) hav c Asn mstead of Asp 
in position 47; we have shown that [Asn-47}-TGF-a retains 

"ISttifS U^8 «o M« »d 
proteins with very low activities, whereas substitution to Ala 
Ed to complete loss of activity. We d d not expect that a 
mutation of Leu to lie (which have simikr sires and pohuv 
ties) would cause such a strong effect. Thus, Leu-48, which 
is conserved perfectly among all the EOF-like peptides, 



seems to be essential, thiough its exact geometry v for the 
biological activity of T0F-«. 

The mutant proteins tested so far, when active, showed 
parallel behaviors in binding and colony formation. Some 
mutant proteins lost alt activities, and we assume that the 
binding capacity has been lost. We have not been able to 
dissociate the binding and colony-forming abilities by using 
any of the present series of mutant proteins, and it is 
necessary to screen more of them in search of an antagonist 
of TOF-a. 

Results relating to the biological activity of EOF show that 
derivatives of mouse EOF and human EOF (EOF 1-47) 
lacking the carboxy-terminal 6 amino acids as a result of 
enzymatic digestion are less potent than the intact molecule 
in mitogenic stimulation of fibroblasts, but retain fuU biolog- 
ical activity in in vivo assays (inhibition of gastric acid 
secretion) (16). On the other hand, naturally occurring 
truncated forms of rat EOF, which lack the carboxy-tcrmirial 
5 amino acids (rEGF 2-48) are as potent as mouse EOF 
(mEGF 1-53) in receptor-binding and mitogenic assays (27); 
We do not know whether the discrepancies observed are due 
to the origin of the molecule (artificial or natural) or to the 
type of bioassay used. In any event, all of these EGF-related 
molecules, which arc shorter than mouse or human EOF, 
still retain Leu-47. We have shown that in TGF*a, the 
corresponding residue, Leu-48, is critical for the biological 

activity. . , 

Recent data on the three-dimensional structure of mouse 
EGF obtained by nuclear magnetic resonance show that 
even though Asp-46 and Leu-47 (Asp-47 and Leu-48 in 
TGF-a) are both solvent accessible (8, 22, 22a), their side 
chains point in opposite directions in the beta-sheet struc- 
ture Therefore, the role of these adjacent ammo acids in the 
structure and, consequently, the function of EOF might be 
very different. Our data show that the ammo acids Asp-47 
and Leu-48 of TGF-a are not equally Important for the 
biological activity of TGF-a, despite their conwryafcon 
among the EOF-like peptides. From the dramatic loss in 
biological activity which is charactenstic of mutation ot 
Leu-48, we also suggest that this residue is involved in 
binding to tht cellular receptors either by direct interaction 
with the receptor or by providing the proper conformation to 
the molecule. 



ACKNOWLEDGMENTS 
We thank Rik Dciynck (Oenenlech) for providing the TOF-<x 
gene?SedinMU?andfor his «"^^^ffi!he 
We are indebted to Aqua Singh (Oenentech) for helping us with the 
yeasTtnmsfonnaUon and expression. We aregratefW £Tta Bring- 
Ln (Oenentech) and William Hargreaves (Bio tope) tor thefa ^en 
erous gifts of TGF-a antibodies. We thank Linda Durham for 
SaHssisiance, Irene balton for manuscript preparation, and 
our colleagues for helpful comments and moral suppon. 

LITERATURE CITED 

1. Aazano. M. A., A. B. Roberts, j. M. Smith, ^^SSSSi 
J. E. D« Ureo. 1983. Sarcoma growth factor ^™wndiUoneU 
medium of vlrally transformed cells is imposed of both type*" 
and type j> transfonning growth factors. Proc. Natl. Acad. Sci 

2. giSKitS- T. Hunt, and W C. Barter. IJM^odg 
vinis 19-kSlodalton protein: relationship to several inamm ah* 
proteins, including two growth factors. Proc. NaU. Acad. sc. 

3. Sd>ora?£: 7 M 67 i976. A rapid and sensitive me dgfar £ 
quantitation of microgram quant ties of ftoj'*" 1 
principle of protein-dye binding. Anal. Blochera. 7ii24*-z>4. 



f 
l 
1 



1252 LAZAR ET AL. 



Brtofmw, T. S., P, B. Undqulst, and R. °«V"*;- l ™ m 
Di&l transforming growth factors spec.es arc derivedfrorn 
a glycosylated and palmiioylated transmembrane precursor. 
Cell 48*429-440 

Cwpenter, C, and S. Colwn. 1979. Epidermal growth factor. 
Annu. Rev. Biochem, 48sl93— 216. 

Chang, W., C. Upton, S. Hu, A. F. Purchlo, .nd C. McF.dden. 
1987. The genome of Shope fibroma virus, a tumongemc pox- 
virus, contains a growth factor gene with sequence *mitanly .»« 
those encoding epidermal growth factor and transforming 
growth factor a. Mol. Cell, Biol. 7:535-540. 
Cohtn, S. 1962. Isolation of a mouse submaxillary gland prolem 
accelerating incisor eruption and eyelid opening in the new-born 
animal. J. Biol. Chem. 237:1555-1562. 

Cooke, R. M., A. J. Wilkinson, M. Baron, A. Pastore, M.. . 
Tapplo, I. D. Campbell, H, Gregory, «nd B. Sheard, 1987 The 
solution structure of human epidermal growth factor. Nature 

Sf O. J. Todaro. 1978. Growth factors from 

murine sareoma virus-transformed cells. Proc. Natl. Acad. Sci. 
USA 75*4001-4005 

B—adc', R„ D. V. Goeddel, A. Ullrich, J. V. Gutterman, R- D. 

T.S. Bringman, and W. H. Berber. 1987. Synthes.s of 
messenger RNAs for ^^tV^^J^^ 



5. 
6. 

7. 
8. 

9. 
10. 

11. 



the epjdennal growth factor receptor by human tumors. Cancer 

Deryn^R^A B. Robots, D. H. Eaton. M. E. WmUer.and 
D V. Gotddel. 1985. Human transforming growth factor-*, 
precursor sequence, gene structure, and heterologous expres- 

12 iS^R'Al'ioblrU, M. E. Winkler, E. Y. Chen, and 
' D.V. GWdel. 1984. Human transforming &°^}« 0 !£ 

Precursor structure and expression m E. coll. Cell M.287-2V . 
13. Gregory, H. 1975. Isolation and structure of uro^stron« «»J W 

relaUonship to epidermal growth factor. Nature (Umdon) 

14 iSeM?! j. B. Hicks, and G. R. Fink. 1978. Transformation of 
yTst. Ptoc Natl. Acad. Sci. USA 75:1929-1933 

15. Hltxeman, R. A-, C. N. Chang, M. Matteucd, L. J. Perry. W, J. 
Kohr, J, i. Wulf, J. R. Swart*, C. V. Chen, -nd A. Singh. 1»6. 
'Construction of expression vectors tor s« «UO0 of human 
interferons by yeast. Methods Enzymol. 119:424-433. 

16 HoBenb^g, M. D., and H. Gregory. 1980. Epiderm* growth 
E^gastrone: biological activity and receptor b.ndmg of 
derivatives. Mol. Pharmacol. I7s314-320. 

17, Jones, E. 1976. Proteinase mutants of Scccharomycts cerevi- 

18 SL DoVSSU G - J- and L. P. VUlarml. 

m$ De^lSoSntS expression of transforming growth 
factor a mRNA. Mol. Cell. BioL 5:3644-3646. 
19. Mutual*, H. f M. W. HunkaplUer, U E, Hooded G. J. 
, Tooio. 1984. Rat transforming growth factor type I: ^uctore 
Jndrelatioa to epidermal growth factor. Science ,223:1079-1082. 
20 MassaU, J. 1983. Epidermal growth factor-like transforming 
growTfactor. II. Interaction with epidermal growth factor 



receptors in human placenta membranes and A431 cells. J Bid ] 
Chem. 25#i3614-13620, '1 

21. Messtng, J* 1983. New M13 vectors for cloning. Method* 
Enxymol. 101:20-78. 

22. Montdione, G. K, YVuthrich, E. C. Nice, A. W, Burgess,^ 
H, A, Scheraga. 1986. Identification of (wo ami-parallel bet* 
sheet conformations in (he solution structure of murine epioV 
mal growth factor by proton magnetic resonance, frroc. Nad 
Acad. Sci. USA 83:8594-8598. 

22a.MQntel.Qtie, G, J M K. Wuthrkh, E. C. Nice, A. W. Burge*, ^ 
H. A, Scheraga. 1987. Solution structure of murine epidcrauJ 
growth factor: determination of the polypeptide backbone 
chain-fold by nuclear magnetic resonance and distance gcoc*. 
iry. Proc. Natl. Acad. Sci. USA 84:5226-5230. 

23. Samsoondar, J., M. S< Kobrin, and J. E, Kudlow. 1986, ft . 
Transforming growth factor secreted by unlransformcd bovine 
anterior pituitary cells in culture. J, Biol. Chem. Hi 
14408-14413. 

24. Sanger, F., S. Nickien, and A. R. Coulson. 1977. DNA sequel* 
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci 
USA 74:5443-54*7. 

25. Savage, C, R., Jr., J. H, Hash, and S. Cohen. 1973, Epidernui 
growth factor: location of disulfide bonds. J. BioL Che«. 
248:7669-7672. 

26 Shechter, Y., J. Schiesstnger, S. Jacobs, K. J. Chang, and f. 
Cuatrecasas. 1978- Fluorescent labeling of hormone receptors n 
viable cells: preparation and properties of highly fluorctctoi 
derivatives of epidermal growth factor and Insulin. Proc. Nitf. 
Acad. Sci. USA 75:2135-2139. 
27. Simpson, R. J*, J. A. Smith, R. L, MorHx, M. OlUrt, P.S. 
Rudumd, J, R. Morrison, C. J. Uoyd, B. Crrego, A. W. Burgm, 
and E, C. Nice. 1985. Rat epidermal growth factor, complete 
amino acid sequence. Eur, J, Biochem. 153:629^37. 
28 Sln^if A*, J. M, Lugovoy, W. J. Kohr, and L- J- Perry. M4. 
Synthesis, secretion and processing of «^^^ron fu- 
sion proteins in yeast. Nucleic Acids Res. "«^2^ s * 
29. Todaro, G. J., C, Fryting, and J. E* DeUrco. ^ 2^^ 
ing growth factors produced by certain human tumors, polyp^ 
tides that interact with epidermal growth factor receptors. Pmc. 
Natl Acad. Sci. USA 77i5258-5262. • 
30 ujLX J. Macen, and G, MeFadden. 1987. 

sequenciiuj of a gene from myxoma virus that ^^ to J^f 
encoding epidermal growth factor and transfonning growth 

of kidney (NRK) cells by an j^^^T 

carrying a synthetic rat type a transforming growth actor gene. 
^NaU.Ac^d,Sd.USAW ; l25^U62. 
32. Winkler, M. E„ T. Bringman, and B. ^^Jf^ 
puriftcaUon of fuUy active reeombinant ^em. 
factors produced in Escherichia coll J. Biol. 

33 £J£j M, Smith. 1983. O^^^ 
mu^ene^s of DNA fragments cloned into M13 vectors. Meth 

ods Enzymol. I0l:46&-500. 



o*~- aw Acad, on. vja 

Vol. 84 < pp. 64W-<Hii* September 1987 

Biochemistry 
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Communicated by Jos ff Fried, June 8, IW 

ABSTRACT The genetic basis for a case of famUial hyper- 
proiusulinemia has been elucidated recently. [( involves a single 
poia( mutation in (he proinsulin gene resulting In the substi- 
tution of aspartic add for histidine-10 of the 6 chain of insulin. 
We have synthesized a human insulin anaJogue, (Asp* ^in- 
sulin, corresponding to the mutant proinsulin and evaluated its 
biological activity. (Asp' i0 ]Insulin displayed a binding affinity 
to insulin receptors in rat liver plasma membranes (hat was 534 
± 146% relative to the natural hormone. In lipogenesis assays, 
the synthetic anaJogue exhibited a potency (hat was 455 ± 
144% relative to insulin, which is statistically not different from 
Its binding affinity. Rcversed-phase HPLC indicated that (be 
synthetic analogue Is more apotar than oaturai Insulin. We 
suggest that the observed properties reflect changes in the 
conformation of the analogue relative to natural Insulin, which 
result In a stronger interaction with the insulin receptor. Thus, * 
a single substitution of an amino acid residue of human insulin 
has resulted In a superactive hormone. 



Three cases of familial hyperproinsulincmia, a genetic dis- 
order characterized by increased plasma levels of proinsulin- 
like material, have been recognized (1-3). In two of these 
cases, the defect has been identified as an amino acid 
substitution in the proinsulin molecule (4, 5) that resulted in 
art incomplete cleavage of that molecule. Specifically, cleav- 
age only at the paired basic residues between the B chain and 
the C peptide occurs (6). In the third case of the disorder, 
unlike the other two, the proinsulin-like material appeared to 
be intact proinsulin, suggesting that there was a defect in the 
prohormone-to-hormone conversion (3). Recent studies have 
elucidated the genetic basis for the last case of this disorder. 
Chan *f al. (7) extracted DN A from leukocytes of the affected 
family members and, upon cloning, isolated two clones 
containing the Insulin gene. One of these clones contained the 
normal coding sequence for human preproinsulin, whereas 
the other clone revealed a single point mutation in the codon 
for the residue histidine corresponding to position 10 of the 
B chain of insulin. This mutation, which appears Jc* be 
implicated as the cause of the hyperproinsulinemia in the 
affected family (7), predicts a substitution of aspartic acid for 
this htstidine-BlO residue. In view of these findings, it was of 
interest to synthesize a human insulin analogue that differs 
from the parent molecule in that the histidine-BlO residue has 
been replaced with an aspartic acid residue. The present 
communication describes the synthesis and biological eval- 
uation of this analogue, (Asp Bl0 )msulin(human). 

EXPERIMENTAL PROCEDURES 

Materials and Analytical Procedures. Details of materials 
and analytical procedures used in this study have been 
described (8), The homogeneity of all of the intermediate 
peptide derivatives was ascertained by thin-layer chroma* 
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tography on 6060 silica gel (Eastman Chromagram sheet). 
The solvent systems used were chloroform/methanol/water, 
45:10:1, 89:10:1. and 200:75:13 (vol/vol). 

Biological Evaluation. The potency of the synthetic ana- 
logue was measured in three types of assays: (0 insulin 
receptor binding in a rat liver plasma membrane fraction, in 
which the relative potency is defined as the ratio of insulin to 
insulin analogue required to displace 50% of specifically 
bound m Mabeled insulin ( ll5 I-insulin); (tf) lipogenesis in rat 
adipocytes, in which relative potency is defined as the ratio 
of insulin to insulin analogue required to achieve 50% of the 
maximum conversion of (3- 3 Hlglucose into organic sol vent - 
cxtractable material; and (ill) radioimmunoassay, in which 
insulin or the insulin analogue was used to compete with _ 
m l-insulin in binding to guinea pig antibodies raised against ^ 
insulin. Complete details of these assays, including sources of 
reagents and equipment, have been described (9). 

Synthesis. [Asp B10 ][nsulin was prepared by the combina- 
tion of the S-sulfonated form of human insulin A chain with 
the synthetic S-sulfonated Asp-10-substituted derivative of 
human insulin B chain in the presence of dithiothrcttol (10). 
The S-sulfonated human A chain, which is identical with the 
respective chain of porcine insulin (11), was prepared by 
oxidative sulfttotysis of porcine insulin and separation of the 
resulting S-sulfonated A and B chains by column chroma- 
tography (12). The synthesis of the S-sulfonated A$p-10- 
substitutcd human B chain was patterned after that of the 
human B chain (13). The C-terminai B-chain hexadecapep- 
tide (residues B15-B30) was coupled with the adjacent 
hexapeptide (residues B9-B14) to^roduce the C-terminal 
docosapeptide (residues B9-B30). TWs hrturn was coupled 
with the N -terminal octapeptide (residues B1-B8) to yield the 
protected B-chain analogue which, upon exposure to licjuid " 
hydrogen fluoride and oxidative sulfitolysis of the resulting 
sulfhydryl derivative, afforded the S-sulfonated form of the 
Asp-10-substituted B chain. 

Z-Gto(cHexK)H DCHA (Compound I). This compound 
(where Z is benzyloxycarbonyf, cHex is cyclohexyt, and 
DCHA is dicyclohexylamine) was prepared from the respec- 
tive rerr-butoxycarbonyt (Boc) derivative (Peninsula Labo- 
ratories, San Carlos, CA) by deblocking with trifluoroacetic 
acid and carbobcnzoxylation of the ensuing product. The 
resulting derivative was crystallized from ether as the DCHA 
salt (mp, 131~132°C). Analysis Calcd for CjiHuNjO*: C, 
68.4; H, 8.88; N, 5.4. Found: C, 68.3; H, 941; N, 5.1. 

Z-GWcHexJ-Ala-OBu 1 (Compound 10, Compound I (9.8 g) 
was partitioned between 0.1 M H 2 S0 4 and ethyl acetate, and 
the organic layer was separated, washed with water, dried 
(MgS0 4 ), and concentrated to dryness. To a solution of the 
residue in dimcthylformamide (30 ml) cooled to 0*C, alanine 
re^butyl ester (H-Ala-OBu*) [prepared from Z-Ala-OBu'(5.6 



Abbreviations: Bzl. benzyl: Boc. /er/butoKycarbonyl; OBu\ ten- 
butoxv; cHex, cyclohexyl. DCHA. dicyclohexylamine; PhjCH, 
diphcnylmeihyl: DCC N.N'-dicyclohexylcarbodiimide; HOBT, 1- 
hydroxybenzotriaiole; Z. benzyloxycarbonyl; -ONp, p-niirophen- 
oxy; OBzl, bcnzyloxy, 

♦To whom reprint requests should be addressed. 
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SKKKMflttt ethyl acetate (500 ml); washed 
ihc itrnw NaHCOv water. 0.2 M HQ, and 

jsrs&'S coSu 

SSKSrofl following compound without any 
ft (Compound lin. Compound „ 

,8 e) in methanol (150 ml) was hydrogenated over a W/C 
/.Klviltf R) for J hr. The catalyst was filtered off. and the 
fit S? was concenSted under reduced pressure to dryness, 
residue was mixed with an activation mixture of Z-Val- 
OH (41 «? HOBT (2.7 g), and DCC (3.3 g) in dimethylform- 
ui tva ml) (activated for 30 min at room temperature 
&£ 2 audition of the amino acid componentKAfter 24 hr 
52 product was isolated in the same manner as desenbe I for 
compound II (oil. 8.7 g (85%)L This material was homoge- 
SottTta thin-layer chromatography and was used n the 
following synthetic step without further characlenration. 

i-Le«-Val-Glu(eHex)-AI.-OB«' (Compound 1 IV). Com- 
-Z«a ill fR el was hydrogenated as described above, and the 
Sung 3 2 was dissolved in dimethylformam.de 
30 m.K this solution ^Vf^S^TtS wcTe 

5Jyne« under reduced pressure. T*^" ^gjf 
lied from 95% ethanol: weight, 8.4 g (88%); ^p. 190-194^ , 
S. -S.3- (c 1. dimethylformamide) Analysis Calcd for 
ciH»NA: C. 63.2; H, 8.31; N. 8.0. Found: C. 62.9. H. 

8 ' 3 B^AicHex)-Uu-Val^lu(eHex)-Ala^B U « (Compound 
V)^o^nd IV (1.5 g) was hydrogenated as 
die residue was added to an activation i muum > of B<£ 
Asp(cHex)^H (Peninsula Uboratoncs (0 8 g), HOBT(0.34 

£ Vn IDCC (0.52 g) In dimethylformamide (10 ml act.va ed 
fw 30 i^at room temperature before addition of th* amino 
SmDoWnt) After 24 hr the reaction mixture was processed 
« Sbed for compound II. and the product was purged 

by rcpKiutioo C- <% \%£&TrTi 

weight, L3 g (85%): mp. » f„K c 
dimethylformamide). Analysis Calcd for WAl C, 

poSdl^A 5 compound V (1 g) in 

ScMOO ml) was stored at room temperature for 2-hr and then 
^^ntraied to dryness under reduced Insure and the 
unrated with cold ether. The solid deblocked 
P^pMeTfl?^ 

dried over KOH. An activation mixture of Boc-SertBdWH 
(12 a) HOBT (0.5 g), and DCC (0.6 g) in dimcthylformanude 
10 ml) was prepared ; after a 30-min incubation, Ute mixture 
was mS involution of the pentapeptide tnBuoroaceUc 
Tcid salt in dimethyl sulfoxide (Me,SO) (10 ml) containing 
N-meTh ImoVholine (0.13 m.V After 24 hr the reaction 
mixture was diluted with cold water (100 ml), ana tne 
orSTut^product was filtered off, dried, and reprec.pi- 
Lted from ethyl acetate /petroleum ether: weight. 0.9 g 
Sot; mp. 3W -174T <* »• ft**™" 
amide). Analysis Calcd forC^t^O^ C, 60.8. H, 7.96, n. 
Ts Found: C. 61.4; H. 8.25; N. 8.7. Ammo acid ratios after 
acid hydrolysis: As Pl .oSero.,Glu u ^la^yal, .Uu,... 

Boe'ser(Bil>-Asp(eilex).Lcu.Val ; G^ 
TvrtBd).Uu-Val-Cys(Ph,CH)Xly.Glu(Btl)-Ars(NO,)-Gly- 
ffiSw^ (Compound 



Yin A suspension of the free base or the partially protected 
hexadecapeptidc (residues B15-B30; where Obd b beiuytexy 
and PhiCH is diphcnylmethyi) of the human insulin B chain (8) 
,400 mg). compound VI (494 mg), «nd HOBT (80 mg) was 
stined unUI soiulion occurred. This solution, after the addition 
of DCC (100 mg). was stirred at 4*C for 48 hr and then diluted 
with 95% ethanol (150 ml). The precipitated docosapepUde 
(residues B9-B30) was filtered off. washed with 95% ethanol. 
and dried: weight. 450 mg (88%). Amino acid analysis after 
acid hydrolysis gave the following composition expressed in 
molar ratios: Asp, tThr 2 . 0 Ser, .,£lUriProi.</Jly^Ala<,. t yal,. r 
Leu, ♦Tyr,.,Phe 3 .oLys l ,Argo , (cysteine was not determined). 

H'.Ph«.ValAsnGlnHls-Leu.Cys(SO,)-Gly-Ser.Asp-Leu. 
ValGluAla.L«u.Tyr.Uu.Val-Cys(SO,)-Gly-GIu-Arg.Gly. 
Phe-Phe.Tvr.Tnr.Pro-Lys-Thr-OH (Human Insulin Asp-lO- 
Substituted S-Sulfonated B Chain (Compound VIII). A solu- 
tion of compound VII (400 mg) in trifluoroacetic acid/acetic 
acid 7:3 (vol/vol: 10 ml), was stored at room temperature for 
I hr and then diluted with ether. The precipitated trifluoro- 
acetic acid salt of the docosapepUde was filtered off, washed 
with ether, and dried. A solution of this product in N- 
methylpytrolidone (6 ml) and dimethylformamide (6 ml) 
containing iriethylamine (0.1 ml) was diluted with ether (100 
ml), and the precipitated free base was filtered off, washed 
with ether, and dried. This product and Boc-Phe-Val-Asn- 
Gln-His-Leu-CystPhjCrH-Gly-OH (13) (500 mg) were dis- 
solved in a mixture of dimethylformamide (5 ml) and dimethyl^ 
sulfoxide (5 ml) containing HOBT (90 mg), and then DCC 
(100 mg) was added. After 48 hr at room temperature, the 
mixture was poured into cold/water (250 ml) containing 1 M 
NH 4 OH (5 ml), and the precipitated protected iriacontapep- 
tide was filtered off, washed (successively with water, 50% 
methanol, and methanol), dried, and reprecipitated from 
dimethylsulfoxide/methanol: weight, 400 mg (90%). 

This product was converted to the S-sulfonated Asp-lO- 
substituted B chain by deblocking with liquid hydrogen 
fluoride, followed by oxidative sulfitolysis as described for 
the synthesis of S-suKbnated human insulin B chain (13). In 
a typical experiment, the protected triacontapeptide (200 mg) 
was treated with anhydrous liquid hydrogen fluoride (? ml) 
containing m-cresol (1 ml) at CC for 1 hr. The hydrogen 
fluoride was then removed;<nd the residue was triturated 
successively with ethyl acetate, and petroleum ether. Toa 
soluiion of this product in 8 M guanidine hydrochloride (20 
ml) buffered with 0. 1 M Tris-HQ ( P H 8.8) were added wdnwi 
sulfite (700 mg) and sodium tetrathtonate (500 mg). After3 ftr 
at room temperature, the ceacUon mixture was J*»*» 
Specuapor membrane tubing no. 3. dwly^ against four 
changes* distilled water (4 liters each) at 4«C tor 24 hr, and 

^cation, the lyophiliied material was disced I in 
3 m I ofTo4 M acetate/8 M urea, P H 4.0, and apphedto a 
CM-eellulose column (2.5 x 40 cm) that was eluted 
cally with the same buffer. The preparation of column and 
buffer has been described (12). The column effluen was 
monitored with an ISCO ^f^"^"^ 
and the elution pattern is shown in Fig. J'/^'JgJJffS 
the main peak (125-168 ml) was collected and I WMd « 
oescribedKve; upon lyophilization the S-s^^S 
lOsubstituted B chain was obtained as » white powder, 
wefght. 22 mg. Amino acid analysis of the P^J^Si 
acid hydrolysis, gave the following compos.t on «P««33 
molar ratios, in agreement with the * eor ^^ K ?lf.. 
values: A^aTl)r M SeruFTouOlu,^Iy^^a l .pVal'^ 
Tyr, .Phe^.LysuHis^^rgo ♦(cysteine was 

S nthesfc and Isolation of (Asp <i ninsulln (Hu^ J° » 
solution of S-sulfonated porcine ^^SttSA B 
chain (40 mg) and S-sulfonated human Asp-10-substitutea n 
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Fig. 1. Chromatography of crude human Asp-lO-subsiiiutcd 
S-sulfonalcd B chain on a 2.5 x 40 cm CM-ccllulose column with 
urea/accute buffer (pH 40. The column effluent was monitored 
with an IS CO recording spectrophotometer. The purified chain 
(125-168 ml) was recovered after dialysis and lyophilization. 

chain (20 mg) in 10 ml of 0. 1 hi glycine buffer (pH 10,6) cooled 
to 4°C was added dithiothrcitol (7 mg). After 24 hr at 4«C, the 
mixture was diluted with acetic acid (1 ml), and the resulting 
precipitate was removed by ccntrifugation (International 
HN; 3000 rpm). The supernatant, containing the active 
material, was passed through a 0.45-^tm cellulose acetate 
filter (Sartorius) and subjected to reversed-phase HPLC 
using a Vydac 218 TP column (0.45 x 25 cm) connected to an 
LKB liquid chromatography system. Batches (co\ 5 mg of 
protein each) were chromatographed at a flow rate of 0.5 
ml/min with a 10-50% linear gradient of 2-propanol in 0.1% 
trifluoroacctic acid over 70 min. The chromatographic pat- 
tern is shown in Pig. 14. Biological assays indicated that only 
the material that was eluted at ca, 32.3 min had substantial 
insulin activity. Under these chromatographic conditions, 
bovine insulin is eluted at 30 min. The fraction containing the 
active material was concentrated and rechromatographed on 
the same column with a 20-35% linear gradient of 2-propanol 
in 0.1% trifluoroacctic acid at a flow rate of 0.5 ml/min over 
85 min. The elution pattern is shown in Fig. IB. The fraction 
containing the active material, etuting at ca. 47.2 min, was 
collected and used for biological studies. Under these chro- 
matographic conditions, bovine insulin is eluted at ca. 38 
min. From the mixture of A and B chains described above, 
2 mg of highly purified product was obtained. Amino acid 
analysis of the purified synthetic material, after acid hydrol- 
ysis, gave the following composition, expressed in molar 
ratios, in good agreement with the theoretically expected 
values: Asp4,oThrriSerj, 1 Proi^lu 7 ,«01y4.oAlai.iVal,,4nci.4- 
Lcu^fTyrj tPhej .^Lysi.iHisi oArgi.o (cysteine was not deter- 
mined)* 

RESULTS AND DISCUSSION 

The ability of synthetic human [Asp BW ]insulin to compete 
with IJ5 I-insulin in binding to receptors in rat liver plasma 
membranes was compared with that of natural bovine insulin 
(Fig. 3). Dose-response curves are essentially parallel, and 
the calculated potency of the analogue is 534 ± 146% relative 
to bovine insulin. The stimulation of the incorporation of 
[3- , HJglucose into organic solvcnt-extractable material in 
isolated adipocytes (Upogenesis) was examined for synthetic 
human [Asp Bl *)insulin and natural bovine insulin (Fig. 4), 
The analogue is a full agonist reaching the same maximum 
stimulation of Upogenesis as seen with natural insulin. How- 
ever, its relative potency is calculated to be 435 i 144% 
relative to bovine insulin. The potency values in receptor 
binding and Upogenesis assays are not statistically different 
(0.4 > P > 0,3 by Student's r-test). It is apparent that 
(Asp Bl0 ]insuUn, which differs from human insulin in a single 
amino acid residue, is a superactivc insulin displaying in vitro 
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Fio. 2. (A) Reversed-phase HPLC^pf the combination mixture of 
human S-sutfonatcd A chain and hdmaxr -Asp-10-substitutcd S- 
sulfonated B chain on a 0*45 x 25 cm Vydac 218 TP cotuma at 0.5 
ml/min with a 10-50% linear gradient of 2-propanol iff 0,1% 
trichloroacetic acid over 70 min. (fl) Rechromatograpby of the 
material eluted at 32.3 min in A, using the same column and a 20-35% 
linear gradient of 2-propanol in 0. 1% trifluoroacetic add at a (low rate 
of 0.5 ml/min over S5 min, The active material eluted at 47*2 min was 
obtained by concentration of the effluent. 

potency 4-^5 times greater than that of the natural hormone.* 
In radioimmunoassay the synthetic analogue exhibited po- 
tency approximately equal to that of bovine or porcine 
insulin. This indicates that substitution of aspartic acid for 
histidine at position 10 of the B chain has not significantly 
affected the immunogenic determinants of the molecule. 

X-ray analysis indicates that histidine- BIO resides at the 
surface of the insulin monomer and is important in the 
formation of zinc insulin hexamers (14), Previous studies in 
this laboratory showed that replacement of histidine at this 
position with leucine (15, 16) t lysine (17), or asparagine (18) 
produced synthetic insulin analogues displaying reduced 
biological activity, ca. 14-45% relative to the natural hor- 
mone. From these studies we concluded that hydrophilicity 

' After the present results were submitted for publication, Jonathan 
WhUtaker (The University of Chicago) determined that ( Asp B,0 ]in- 
sulin exhibits 5- to 6-fold greater potency than natural Insulin in 
binding to IM-9 lymphocytes (personal communication). 
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Fig 3 Effect of bovine insulin (•) and (Asp^iwuUlKhuman) 
<o) on' Ibe WnSng of ^Nn.uUn to rat liver plasm. «*nb™** ; 
MioTof binding, expressed as percem 
1 Anv^ioa of (be concentration of compeutor. The <uu pouus 
«£^th?in^Xnplica«e determinations in * represcntadve 
SSSAS^i performed four time*. In this experunent, (he 
bladin* Minted to 8.2% of the input radioactivity. 

* position BIO per si i? relatively unimportant » detennimng 

SZical activity. and*the P^senceofasu^y bjs^o 

arid residue at that position is deleterious, we runner 

tested that the abiUty to exist in either a protonated or 

united state near physiological P H. « 

to Thistldine residue, might be a requirement at posUion BIO 

f« -Ush biological acUvity (17). The present »^ 

IT biological pH would have a negative charge at the BIO 

tSSSHStSa times more active thaa 

tovitro experiments. The superactivity of this expound 

results from stronger binding to the insulin it^ter.TO 

aught be due to either (0 a change in conformation of the 
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F.g. 4. Effect of bovine insulin (•) and ^^^2^ 
(oj on the stimulation of lipogenesis in ^^^^ft 
expressed as percent of maximum, is plotted as ••"g*"^ 
concentration of agonist. The data potnU reprtsentj to mean* 
triplicate determinations in a representauv* «^ n ™ n ™ LJJJ 
performed four Umes. In this experiment, wroa* « ^ 
refer to 0.) and 3.5 nmot of glucose per mg of cells per hour, 
respectively. 
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analogue more favorable for binding to the receptor, resulting 
from Intramolecular interactions Involving the ; oegathrc 
charge a* position BIO (e.g., • salt bridge), or W a direct 
interaction with a complementary surface on ^ r*c«ptor 
containing a positive charge. In reversed-phase HPLC (Fig. 
2) (Asp B, «l»nsulin is eluted under two chromatographic 
conditions significantly later than is natural Insuitn. This 
behavior indicates that the tynthetic analogue is a more 
apolar molecule. The large difference in polarity exhibited 
between natural insulin and the analogue cannot be ascribed 
to ihc substitution of one hydrophilic residue for another. 
Most reasonably, it reflects a change in conformation. Chan 
ei al. (7) have suggested that the inhibition of the conversion 
of [Asp lfl 1proinsulin to insulin, which results in hyperproin- 
sulinemia in the affected patients, might be related to unfa- 
vorable folding of the proinsulin molecule. Since our data on 
the HPLC behavior of [Asp' l *]insulin suggest conformanon 
changes in this molecule as compared to natural Insulin, it is 
not unreasonable to assume that conformation changes ; might 
be implicated as well in the abnormal behavior of [Asp ,v ]- 
proinsulin. 

The authors express their appreciation to Dr. O. F. Stetoerfor 
communicating to them his early findings concerning f-Wpprota- 
wunTwDrs. N. Ferderigos and S. H. Wang for their Wp in the 
ivnSUsis of intermediate peptides used to this Investigation, and to 
Dr U Roy for the amino acW analyses. This work was supported by 
the National Institute of Diabetes and Digestive and Kidney Disc*** 
(DK 12925). 
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Structure - Function Relationships in Glucagon: Properties of 
Highly Purified Des-His'-, Monoiodo-, and [Des- 
Asn 2H Thr 29 )(homoserine lactones-glucagon^ 

Michael C. Un.* David F«. Wright, Victor Mruby. and Martin Rodbcll 



AliSTKACT: Wc have compared the ability of glucagon and 
three highlv purified derivatives of the hormone to activate 
hepatic adenylate cyclase (an expression of biological activ- 
ity of the hormone) and to compete with ('^glucagon tor 
binding to sites specific for glucagon in hepatic plasma 
membranes. Relative to that of glucagon, biological activity 
and affinity of (dcs-Asn^Thr '|(homoscrine lactone- )- 
glucagon, p'repared by CStot treatment of glucagon, were 
reduced equally by 40- to 50-fold, Ry contrast, dcs-lhs 1 - 
glucagon, prepared by an insoluble l-dman reagent ana 
highly purified (less than 0.5% contamination with native 
glucagon), displayed a 15-fold decrease in affinity but a 
r i0-fold decrease in biological activity relative to that of the 
native hormone. At maximal stimulating concen* rations, 



des-Mis*-glucagon yielded 70% of the activity given by satu- 
rating concentrations of glucagon. Thus, de>-l fis'-glucngon 
can be classified as a partial, weak agonist. Highly purified 
monoiodoglucagon and native glucagon displayed identical 
biological activity and affinity for the binding sites. Our 
findings suggest that the hydrophllic residues at the tcr jtii- 
nus of the carboxy region of glucagon arc involved in the 
process of recognition at the glucagon receptor but do not 
participate in the sequence of events leading to activation of 
adenylate cyclase. The amino*tcrminal histidyl residue in 
glucagon plays an important but not obligatory role in the 
expression of hormone action and contributes to a signlfi- ' 
cant extent in the recognition process, 



The first event in the cascade of reactions leading to hor- 
mone response is the interaction of the hormone with its 
recognition site termed the "receptor. It is commonly as- 
sumed that binding of the hormone to the receptor induces 
certain transformations in the responding system. Studies of 
the sliuctural requirements for hormonal recognition and 
action should provide further understanding or the mecha- 
nism of hormone action. 

Although the structure of glucagon has been known since 
(Bromcr el al, 1957). the structure function relation- 
ships for this polypeptide hormone have no; been elucidated 
clearly as vet. The discovery of a primary target for gluca- 
gon, namely the adenylate cyclase system (for review, see 
Rodbcll 1972' Sutherland. I ( )72), has provided a means ot 
evaluating these relationships. Numerous studies have been 
reported with chcmicallv modified derivatives of glucagon 
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in attempting to establish the structure functional rote of 
each amino acid residue in the peptide (Spiegel and Bilcn- 
skw 1969; Rodbcll ct al.« 1 97 1 a; Grande ct aL 1972; Undc 
ct «L 1972; lipand and F.pand, 1972; Upand, 1972; Upand 
ct aL 1973). One major obstacle in obtaining dcar-cut re- 
sults is the purity of the various glucagon dcrivaiivcs. 
Chemical modification seldom produces complete conver- 
sion of substrate to product. Therefore, extensive punfiea- 
lion i> essential to remove any remaining native glucagon, ^ 
Characterization of each derivative requires the study of Us 
affinity for the receptor as well as its intrinsic activity in 
stimulating adcnvlaic cyclase activity. Obviously, a signifi- . 
cant level of contaminating glucagon would make interpre- 
tation difficult. 

IDes-Asn^.Thr-^Hhomoserine lactones-glucagon 
(CNIU-glueagon)J prepared b\ cyanogen bromide cleav, 
age of glucagon, has been examined in two studies (Spiegel 
and Bitensky. 1969; Hpand, 1972). In both cases, attempts 
lo separate glucagon from CNBr-glucagon by cither gel fil- 
tration or gel electrophoresis proved unsuccessful. Lnrcaci- 

■ Abluc\i:Ui»ifts usc-d arc: CNlir-flvcagon, |dew\sn\Thr^|th<in»<»- 
^rinc l;»eiune"hgtoeagtin; 01 1- glucagon. (tevMi^-glueapon: escue 
\MI\ V.5 , -«dciUKinc nmnophosplwU'. 
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- oi glucigon was estimated by amino acid analysis to oc t 10 
*J% of ihc final product. Thus, while CNBr-g lucajon 
showed reduced activities relative to that of glucagon, it is 
'not known w%ethcr this derivative ha* the *aroc maximal 
activity «s t«te native horn« >nc. There U «l«o no Information 
available on it* affinity for the glucagon receptor/ 

("•I (Glucagon is commonly used in studies of hormone 
binding. In the first such study of glucagon binding (Rod- 
bcll ct al., 1971b). monoiodoglucagon was shown to have an 
identical concentration -activity dependency as native glu- 
cagon on hepatic adenylate cyclase, A recent study ( Rromer 
ct aL l°73), however, suggested (hat monoiodoglucagon 
has a greater activity in stimulating hepatic adenylate cy- 
clase. If various iodinated derivatives indeed have different 
potencies from the native hormone* then the interpretation 
of the hiding of |'- M l|glucagon to membranes containing 
the git .i^on receptor would be difficult. 

Ocs^llis'-glucagon (Dl I -glucagon), prepared In conven- 
tional I'dman onc*step degradation (Kodbell ei at., 1**7 1 a I. 
showed a lack of biological activity on the hepatic adenylate 
cyclase system although ihc derivative binds to specific 
binding sites for glucagon in hepatic plasma membranes 
with about omMcnth the affinity of native glucagon. 1)11- 
glucagon prepared by Landc ct al. (1972), judged by them 
to contain about 6% glucagon, apparently lacked the ability 
to activate adenylate cyclase; ihiHF studies also indicated 
that /v^phcnylthiocarbamylglucagon, a potential product 
of glucagon formed by the Edman procedure, is likely to be 
biologically inactive. ^ 

In this study we have prepared CNOr^glucagon and puri- 
fied this material to the extent that it contains less than 
0,5% native glucagon. DH*Glucagon has been prepared by 
the insoluble. Edman reagent described by Dowling and 
Stark (1°69). In contrast to the conventional method, this 
procedure allows complete separation from the lysinc-sub- 
stitutcd derivative. Although the yields of Dl i-glucagon ob- 
tained by this procedure remain to be improved, it is feasi- 
ble to prepare large quantities containing less than 0.5% 
glucagon. The glucagon*scnsitive hepatic adenylate c;-"lase 
system (Pohl ct aL 1971 ) is used for assaying biological ac- 
tivity of monoiodoglucagon, CNBr-glucagon, and l)H-glu* 
cagon« The affinities of these derivatives for specific gluca- 
gon binding sites in hepatic plasma membranes (Rodbcll ct 
aL 197 lb) have been compared with that of native gluca- 
gon as a means of determining the structural requirements 
for recognition vs. action of the derivatives and the native 
hormone. 



Experimental Section 

Materials. (<r-* ; P|ATP was obtained from International 
Chemical and Nuclear: |Ml|c\MP was from \cs\ England 
Nuclear. ATP. c\clic AMP, creatine phosphate, creatine 
phosphokinasc, and dithiothrcitol were purchased from 
Sigma. CNBr was from Eastman Kodak. Oxoid membranes 
were purchased from Amcrsham-Scarlc. Chemicals used in 
the solid phase Edman procedure were Sequanal grade 
from Pierce or best grade available and were used without 
further purification. Polystyrene beads crosslinked \sith 
0.25% divinvlbcn/.enc (no. L<JX2) (from Sonde!! Scientific' 
Instruments'. Palo Alto, Calif.) were a (lift fr«m Dr. George 
R, Stark, Crystalline porcine glucagon was provided b\ 
Lilly and Co' or was purchased from Schwar//\1ann: ruri 
Hcd monoiodoghcagon was a gift from Or, W. W. Itromcr 
of lili I. ills. Solvents for partition chromatography were pit* 
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1971), 

Preparation of Phxma M emhraaex fram Hat /Jurr. Par- 
tially purified plasma membranes from rat liver were pre- 
pared by a modification of the procedure of Neville ( I96H) 
as previously described (Pohl ct uL 1971 ) s and stored in liq- 
uid nitrogen, 

Assay far Adenylate Cyclase Activity. The assay medi- 
um consisted of |o* i: P|ATP (about 40 cpm/pmol) at 2 
mA/; MgCl.s 5 mA/; cyclic AMP, 0.4 mM; dithiothrcitol, I 
mA/; bovine scrum albumin. 2 mg/ml; creatine phosphate, 
5 mA/; creatine phosphokinasc, 0..1 mg (50 units)/ml; and 
Tris C I buffer, 30 mAf at pi I 7,5 in a final volume of (CO 
p\. | ivcr membranes, suspended in Tris-Cl buffer contain* 
ing I mAf dithiothrcitol, were added to a final concentra- 
tion *if 0.2 0,5 mg/ml to initiate the reaction, After 5 min 
;U .W\ the reaction was terminated by adding 100 j/1 of 
stopping solution (Salomon ct al., I974K Cyclic AMP 
formed was determined by a recently developed procedure 
with the use of Dowex 50 and alumina columns (Salomon ct 
al.. 11741. 

Assay for | ,: V|(7/f/a/£o/i ttindittf*, ('-MlGlucagon was 
prepared as described previously (Rodbcll ct aL* 1971b), 
The concentration of biologically active glucagon in the 
preparations of labeled hormone was estimated from assays 
of adenylate cyclase activity (see above): activities were 
compared with those generated by native glucagon over a 
wide range of concentrations. The incubation medium used 
for li e binding assay contained | I glucagon at I 5 X 
I0"' 1 1/ (see legend for specific activity!: bovine serum al- 
bumin, 3 mg/ nl: liver membrane, 50- I00'jig/ml; and Tris* 
CI buffer. 20 t\\M at pi I 7.5 or as indicated in a final vol- 
ume of I ml. The assay was initiated by the addition of liver 
membranes and the whole mixture was poured on an oxoid 
membrane filter after 10 min at 30°. The filler was quickly 
washed twice with 1 ml of cold Tris-Cl buffer containing 2 
mg/ml of bovine scrum albumin* Suction was applied dur* 
ing the washing so that each wash took less than 5 sec lo 
complete. Then the filter was counted in a well-type Pack- , 
ard *> -counter. 

Analytical Methods. Protein concentration was deter- 
mined according to Lowry ct al. (1951) with scrum albumin 
as standard. The amino acid content was analyzed, after the 
hydrolysis with mcthanesulfonic acid (lau, 1972), on a 
JP.OI. JLC-oAM analyzer. No correction is made for de- 
struction of amino acids during hydrolysis* Glucagon con- 
centration was determined ,fey its absorbancc al 2K0 ntn 
(molar absorbancc K050) or by amino acid analysis. Fresh 
glucagon solution (in 0.1% bovine scrum albumin and 20 
mA/ Tris-Cl buffer. pH 7.5) was prepared each time prior 
to use* since we have found that storage of glucagon in solu* 
tion decreased its effectiveness in activating adenylate cy- 
clase. 



Results 

Preparation of nii^Huca^m. When 1>I l-glucagon is 
prepared b\ the conventional one-step P.dman degradation 
(Rodbcll ct al., 1971a). the difference between the 
values of the o- ;tnd <-amino groupN is too small to limit the 
phenyl isothioeyanate reaction to only the <r-terminal histi- 
dyl residue. Therefore, the product requires extensive puri- 
fication. It occurred to us that the insoluble P.dman reagent 
(Howling and Stark. l*M9). where products of the reaction 
nf the side-chain t-amino groups are not recovered, might 
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pr&ide an Weal procedure for lh f preparauon of OH-g h- 
« g on. The procedure for preparing gucowm.noNsotWo- 
cyana(c-poty«tyrene dotcribed by Dowling Stark 
#1969) was fclowcd closely. After the reagem wai pre- 
pared, a cob.mn (I X IJ <>m) of the isothiocyanalc resin 
was packed, thoroughly washed with pyridine buffer (pyri- 
dine-yv-cihylmorpholinc-HjO (15:1.4), adjusted to pH 8,1 
with glacial acetic acid), and maintained at 55 for the fol- 
lowing reactions. Glucagon. 15 ^mol. dissolved tn 2.5 
ml of the same pyridine buffer and about 5 X 10* cpm of 
| ,2 M]olucacon was added to monitor the recovery. After 
the sample was placed on the resin. I ml of the buffer was 
added to wash down the sample. All solvents used subse- 
quent to the coupling step contained 1% mcrcaptoethanol to 
protect against oxidation. After allowing coupling of gluca- 
gon through its amino groups to the resin to proceed for 1 .5 
hr at 55° the column was washed twice with 25 ml or pyri- 
dine buffer and sin times with 25 ml of pyridine, until no ra- 
dioactiviiy was detected in the clualc. The resin was washed 
again with four 50-ml portions of icirahydrofuran and the 
tctrahydrofuran was displaced by adding 3 ml of the cleav- 
age solvent (trifluoroacetic acid-glacial acetic acid (4:1 )) to 
the column: the column flow was stopped and 10 ml of 
cleavage solvent was added. After 30 min with occasional 
stirring, this step was repeated onceuo ensure a good yield 
of cleavage product. Finally the column was washed with « 
ml of the same solvent. All the cleavage cluatcs were com- 
bined and lyophilired to dryness. The yield of the DH-glu- 
cagon at this stage ranged from 10 to 20%. The. product ob- 
tained at this stage has a brownish color; its amino acid 
analysis showed the presence of glucosamine and about 0. 15 
residue of histidine. Since the resin contained covalcnty 
bound glucosamine and after extensive washing the only 
source for free histidine was the glucagon coupled through 
«-NH* groups to the resin, it appears that hydrolysis had 
occurred at the isothiocyanalc group and thus glucosamine 
and intact glucagon were released. This contaminant was 
removed by chromatography on a Dowcx 50 column. The 
croduct was dissolved in 5 ml of 0.1 M pynd.nc-av. tatc 
buffer ( P H 3.3) and applied to a AO50W-X2 column (0.9 
X 9 cm) equilibrated with the same buffer at 55 . Alter 
washing the column with 20 ml of 0.77 M pyridine -acetate 
buffer (pH 4.4), DH-glucagon was elutcd with 60 ml of 
1.38 M pvridinc-acctatc buffer (pH 4.8). After being con- 
ccntrated'to 3 ml, the oroduct was gel filtered on a Scpna- 
dcx CIO column (1.5 X 28 cm) with 10% acetic acid and 
then lyorhillred. The yield was 5-10%. 

In order to ascertain the amount of unrcactcd glucagon 
in the final product, a large amount (20 nmol) of peptide 
was applied to the amino acid analyzer after mcthancsuiro- 
nic acid hydrolysis. With suitable controls, ii was estab- 
lished that the analyzer could detect histidine at levels or 
0 | nmol as a distinct peak. As shown in Table I, DH-gluca- 
oon contained less than 0.5% of histidine residue whereas 
all other amino acid residues, including tryptophan and lys- 
ine, were unchanged. We conclude from this analysis that 
DH-glucagon contains at most 0.5% coniam.natmg gluca- 

m prtparOtion of CNBr-Ctucogon, The preparation of 
CNBr-clucagon followed that general method for cyanogen 
bromide cleavages of peptides and proteins tStcers e. al.. 
19651 Glucagon (12.0 mg or 3.70 «mol) was dissolved in 
12 ml or 70% formic acid (redistilled), and 1 10 mg ol cy- 
anogen bromide was added. The mixture was stirred for J 4 
hr at ?" and then 30 mg more of cyanogen brom.de was 



Table li Amino Acid Compositions oi oiucagon and Its De- 
rivatives, « 
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Amino acid compositions were analyzed after 20-hr hy- 
drolysis at 115" in A ,V methancsulfonic acid contains 0,2% 
trypuminc. The results expressed in residues per molecule 
are uncorrected for any destruction during hydrolysis 
/•Histidine and rtiethlonine were measured In separate ana* 
ivscs. In which 20 or 30 nmol of DH- or CNBr-Rlucagon, re- 
spectively, was applied. In either analysis, no distinct peak 
was detected: It was established that the analyzer could, de- 
tect 0.1 nmol of amino acid a s a distinct peak. 

added. After a total of 24 hr the solution was lyophilircd. 

A clean scj iration ol native glucagon (Ry 0,32) from 
CNBr-glucagon (Rr 0,57) was obtained by slightly modi- 
fving a solvent system already developed for partition chro- 
matography of glucagon (Hruby and Croginsky, 1971). 
The system used was l-butanol-cthanol-ben7:cnc-0.2 N 
ammonium hydroxide <5:2;I:R) adjusted lo pH 9 A by acetic 
acid. The sample was dissolved initially in I ml of 50% ace- . 
tic acid, and then 2 ml of upper phase was added. The mix- ^ 
turc was placed on a«2.2 X 57 em column of Scphandex G+ , 
25 (1 00-200 mesh) which had been equilibrated with the 
upper and lower phases (Hruby and Groginsky, 1971), The 
peptide peak was determined using the method of Lowry et 
al. (1951); the CNBr*glucagon peak was pooled and lyophi- 
lizcd. The peptide was subjected to gel nitration on Scpha- 
dcx G*l 5 (I X 56 cm) using 50% acclic acid. After lyopHHi* 
witon, 3.4 mg of white powder was obtained Tor a yield of 4 
3 1 %. 

Amino acid analysis showed no methionine (<0.5%, 
Tabic I ) even when the concentration of the analyzed sam- 
ple was extremely high, 

Actharirm nf Htpatic Adenylate Cyclase by Glucagon 
Derivatives. A typical concentration-activity curve for na- 
live glucagon is shown in Figure I, Activation of adenylate ' 
cyclase was detectable at 2 X 10" ,w M glucagon and maxi- 
mal activity was reached at 4 X |0~* M glucagon. By con- 
trast. DH-glucagon did not stimulate adenylate cyclase ac- 
tivity until its concentration reached 3 X 10~* M. Further- 
more, even at 10^* M. a maximal ilimulatinR concentra- 
tion, DH-glucagon stimulated less than 70% of the maximal 
activity engendered with native glucagon. Based on the con- 
centration of DH-glucagon required to give activities cquiv- 
' aleni to that given with glucagon, it was estimated that the 
derivative, on a molar basis, has about 2% of the intrinsic 
activity given bv native glucagon. Judging from amino acid 
analysis (Table I) and the nature of the conccnlrat^n-ac- 
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I -KUJM-. I: 'Conwnifai ion -»«•'*'•<>' curves for (wcint »!«*»*<»<• *«* '«» 
d«r tt.1 U. The ac.ivi.y of hcpa.ic adenylate cyclic w« ™»™<<f" 
fecr M in the F.ipcfinicnul Section. The comxMniio* of each pep- 
tide Jw t5.ima.cd from ir. »b*orb»n« a. 2K0 «m or by um.no ac.d 
9 nil lysis. 
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I KiURfi 2: effect of addition of unlabeled peptide* on the binding of 
I'^ll. glucagon. The binding assay* were carried out with 4 X IO" M 
•"llklucagon (specific activity, IO* c,>m/pmoi) as described in Ihc 
f.ipenmcnlal Section, Unlabeled peptides were added at the conccn- 
I rations indicated, 



livity curve, it is highly unlikely that ihc activity given by 
DH-glucagon is due to contaminating glucagon. Thus 
while confirming a previous report (Rodbcll cl iL Wit) 
thai the NH terminal histidinc plays an important role in 
the expression of hormone action, our^data show thai this 
residue is not essential for hormone action as previously 

'^'addition lo removal of the terminal threonine and as- 
paraginc residues of glucagon, CN Br treatment converts 
methionine to homoscrine lactone. These changes in the 
ZXrc of glucagon reduced its effectiveness to activate 
CXviatc'cyclase system by 40- to 50-fold (Figure I) 
However* CNBr-glucagon, in contrast to DH-gl uugon « 
capable of causing the same degree of activation of adenyl- 
ate cyclase as the native hormone. Judging from the a«vno 
acid analysis (Table I), contaminating glucagon was >css 
than 0.5%: therefore, the activity observed must represent 
the intrinsic activity of CNBr-glucagon, 

ft has been reported that the incorporation of iodine into 
the tyrosyl residues of glucagon reduces the concentration 
necessary for half-maximal stimulation of adenylate cyclase 
IS by about fivefold (Bromer el nl„ 1973), Previously 
?t had been reported (Rodbcll et ah, Wlb) that glucagon 
iodinatcd with l s was essentially identical with glucagon in 
its ability to stimulate adenylate cyclase activity Because of 
the widespread use of iodinatcd glucagon in binding and ac- 
tivity suites, we considered it important to reexamine the 
effects of monoiodoglucagon, kindly supplied by Or. Brom- 
er, on the adenylate cyclase system. As shown in Figure i* 
native and monoiodoglucagon gave essentially the same 
concentration -activity curves, As shown below (Figure 2), 
the relative affinities of glucagon and monoiodoglucagon 
for the glucagon binding sites in hepatic membranes arc 
also the same. 

Glucagon Binding and Competition H'/f/i Its Derivatives. 
Hepatic plasma membranes contain binding sites thai are 
highly specific for glucagon (Rodbcll ct a!.. 1971b). The 
relative affinities of native glucagon and the various deriva- 
tives for these sites were determined by their ability to com- 
pete with the binding of ('^(glucagon to hepatic mem- 
branes, As judged bv the concentrations required or 50% 
displacement of the' labeled hormone, monoiodoglucagon 
ha the same affinity as native glucagon for the finding 
,(<«* whereas the affinities of Oil 'glucagon and CNBr-g u- 
these sites were shifted I 5* fold and SO-fold, re- 



spcclivcly (Figure 2). It should be emphasised that the loss 
of affinity of the modified glucagon derivative lacking only 
histidinc was relatively small (l5-fc!d) (in three other ex- 
periments of this type, the average was !7.fold) when com- 
pared to its loss of ability to activate the adenylate cyclase 
system (greater than 50-fold). On the other hand, CNBr- 
glucagon displayed nearly identical decreases in hoih affini- 
ty for the binding sites and in ability to activate the adenyl- 
ate cyclase system (40- to 50-fold), It is reasonable to con- 
clude from these data that modification at the COOH-tcr- 
minal region of glucagon by treatment with cyanogen bro- 
mide significani !y reduces the affinity of the peptide for its 
receptor but apparently docs not affect the intrinsic activity 
of the hormone derivative as compared to the native hor- 
mone. On the other hand, modification of the amino-tcrml- 
nal region of the hormone by removal of the terminal histi- 
dyl group not only significantly reduced the affinity of the 
peptide for these sites, but also decreased substantially the 
intrinsic activity of the hormone. 



cagon f«>* 



Discussion 

Our data show that monoiodoglucagon behaves identical- 
ly with native glucagon in both its binding to specific gluca- 
gon binding sites in hepatic plasma membranes and on ade- 
nylate cyclase activity in these membranes. Since the prepa- 
ration of monoiodoglucagon tested in this study wa* ob- 
lafocd from the same laboratory which reported the in- 
creased biological activity of monoiodoglucagon (Bromer ct 
ul 1973), the difference between the two studies is not- 
readily explainable. The tendency of glucagon to aggregate 
in aqueous solution (Graucr and Bcavcn, 1969; Bcavcn ct 
al„ 1969) might be contributory to this discrepancy, Wc 
have found that the effectiveness of glucagon on adenylate 
cyclase activity decreases substantially after storage in solu- 
tion, especially at concentrations above 10^* Af Therefore, 
wc have consistently used freshly prepared solutions of glu- 
cagon and the derivatives employed in this study. 

It is essential to establish the purity of chemically modi- 
fied hormones before any meaningful study can be carried 
out with the derivatives. Wc have taken great care to make 
certain that unrcactcd glucagon remaining after purifica- 
tion wns minimal. Careful amino acid analyses indicated 
that contamination due to native glucagon was less than 
0 s% for CNBr- and Dl l-glucagon. Therefore, the observed 
properties of these two derivatives cannot be attributed to 
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SngcV toihc properties of glucagon produced by removal 
residue* from (he COOH-tcrminal region of gluca- 
L by cyanogen br*nidc treatment. The contribution of 
Si* and Thr" «r J possibly (he .crminul curboxy group to 
fh?affiniiy of (he hoVmonc is a major one. The pajOcipa- 
of these hydrophllic residues (Norak. and Tanfo d, 
1071) indicates (ha( hydrophobic interactions between glu- 
cagon and its receptor arc not the only forces involved m the 
binding process. The parallel loss of both binding and bio- 
rileol activity strongly suggests that the roie of the las, two 
residues is strictly in the recognition process. They do not 
appear to be involved in the sequence of events leading to 
activation of adenylate cyclase. 

It has been reported previously (Rodbcll c. al . 1971..) 
that DH-glucagon was devoid of biological aetiv.ty with 
only a loss of about tenfold in affinity for the receptor. The 
Implication of this finding and the potential use of this de- 
rivative as inhibitor of glucagon action are apparent (Biro- 
baumcr and Pohl. 1973). Our study has confirmed the pre- 
vious finding (ha, the NHj-tcrm na h.sl.d.nc residue in 
ctucagon plays an important role in the expression of hor- 
Sonc action in addition to imparting some contr.bui.on to 
,ho binding of ,hc hormone to the specific binding sites ,n 
hepatic plasma membranes. However, we found that D • 
glucagon, prepared and purified as described here, s acta- 
S ly . weak agonist since, al 10- M. the derivative was 
able to induce abou( 70% of the maximal stimulation given 
bv I0-* M glucagon. Thus, the histidyl residue, though im- 
plant in the binding and actions of the hormone, does not 
Hay an obligatory role in these processes. It is unlikely. 
Therefore, that the histidyl residue of native glucagon par- 
S»(« n a catalytic function as observed for the h.stid.nc 
fflc in vlrSus chymes ( Moore and 1 Stein, 1 973; Bender 
and Kc*dy. 1965). It is possible that the h.st.dyl residues 
licanded to an important region of the receptor, or even the 
ciulylic unit of adenylate cyclase, that is important the 
caption of hormone action. In this regard, .t has been 
shown (hat while dissociation of bound glucagon from u 
wcentor is facilitated by .he actions of guanine 
« The adenylate cyclase system (Rodbell ct al. I 7 . 
11741. binding of 01 l-glucagon to the receptor was relative- 
v unaffected (Rubalcava and Rodbcll, 1973). Since gluea- 
eon and guanine nucleotides activate adenylate cyclase in a 
located fashion (Rodbcll c, al.. 1974). it «s conceivable 
That the histidyl residue of glucagon is involved in this con- 
certed process. 



Acknowledgments 

The authors arc indebted to Dr. <icorge R. Stark for his 
advice on the use of insoluble Id man reagent and to >rv 
T.-Y. I.iu and V. I.. Tai for their assistance in performing 
amino acid analysis. 



Beaven. G. H., Cratrer. W. B„ and Davies. H. «• ••«<"•• 

mX!'J^^ f j - <•«»■ Annu - Rev - Bio - 

BirSme';. U and Pohl. S. I.. ( 1973). /. Biol. Chem. 24*. 

Bromcr, W. W., Boucher. M. !■„ and Patterson. J. M. 

(1973) Biochtm. Hkiphys. «<••*. Commun. SJ, 134. 
Bromcr. W W.. Sinn. I.. 0\. and Bchrcns, O. K,(I957)./. 

AM.Chcm.S'X-.JV.im. 
Dowling. I.. M.. and Stark. <J, R. (1969). Hwehrmutry *. 

472K. 

Poind R M. (1972)./ Uiul. Chew. 247. 2132. 

Ppand! R. M.. and fipand. R, I . (1972). Biochim. Biophys. 

■tela 2B5. 176. , 
P.pand, R. M„ f-pand. R. P.. «nd Grey, V. (1973). Arch. 

Hiot hcm. Blophys. LU.Wi. 
Grande. V Grisolia. S.. and Diedcrich. 17. ( 1972). Proc, 

Soc.l-xpJUol.Mal. 130. KSS. 
Ciratrcr. W. B.. and Beaven. 0. II. (1969). J. B,ol. Chem. 

244. 6675. 

I | ru by. V. J,, and (iroglnsky. C. M . ( 197 \).J.C hnmatogr. 

Landed . Corman, R., and Bitcnsky. M. (1972). Emtocri- 

nolofiy 00. 597, 
I iu T Y (I972h Methods Enzymol. 2\ 44. 
t owry. O. II.. Roscbrough. N. J.. Furr. A. I... and Randall. 

R J. (1951). J. Biol. Clwm. 103, 265. 
Moore. S.. and Stein. W, 11.(1 973). Science /*>. 45K 
Neville I) M. ( I96» l , Biochim. Uiophys. Acta IS4, 540. 
No/aki* Y.. and Tanford. C. (1971). / Biol. Chem. 246. 

nil 

Poiil. S. I... Birnbitumcr. I... and Rodbell, M. (1971). J. 

Biol. Clwm. 246, IK49. 
Rodbcll M (1972). in Glucagon. I.cfcbvre. v. J., ano 

Ungc'r. R. II., I'd.. Oxford. Perganuin Press, p. Al.- 
Rodbcll. M.. Birnbaumcr. I... Pohl, S. I... and Sundby. I 

(1971a). Pnn . Nail. Acad. Sci. U.S.A 6ft. «K». 
Rodbcll. M.. Krans. II. M. J., I'ohl.S. (...and Birnbaumcr, 

I (1071b)./ Biol. Client. 246. (KAl. 
Rodbcll. M-. Krans. II. M. J.. I'ohl.S. I... and Birnbaumcr, 

t (1071c). J- Biol. Clwm. 246. IK72. 
R.Kibctl. M.. I .in, M. C. and Salomon. Y. ( 1974). J. B,ol. 

Cfwtu W W 

Kubalca's-;. B..'and Rodbell. M. (1973),/ Biol. Chm. 24S. 

Salomon. Y.. I.«nd<»s. C. and R«lbcil. M. (1974). Ami. 

SpfigetT M*'. and Bitcnsky. M. W. (1969). luulocrinoh^ 
ovM. 63K, 

Steers. I-.. Jr.. Craven. G. R-. Anr.nsen.C . B..and Ikthunc, 

j t . (1065). J Bi"l. Clwm. 24(1. 247K. 
Sutherland. II. W. ( 1972). Scicmr 1 77. 401 



Ht<)« 



III MISIKV. vol 14, SO 



S . 19 7 



Passible Dissociation of the Heparin-binding and Mitogenic 
Activities of Heparin-binding (Acidic Fibroblast) Qrowth Factor-l 
from Its Receptor-binding Activities by Site-directed Mutagenesis 
of a Single Lysine Residue 

Wilson H, Burgess, * Anne M« Shaheen, * Mark Ravera, * Michael Jaye, * Patrick J, Donohue, * 
and Jeffrey A. Wtakles* 

♦Laboratory of Molecular Biology, Jerome H, Holland Laboratory forthe Biomedical Sciences, American Red Cross* 
RocicYllle, Maryland 20855; and tRoner Biotechnology, Inc., King of Prussia, Pennsylvania 19406 



Abstract The fibroblast or heparln-blndlng growth 
fectors (HBOFs) are thought to be modulators of cell 
growth and mlg»tlon f auglogencsls, wound repair, 
neurlte extension, and mesoderm Induction. A better 
understanding of the structural basis for the different 
activities of these proteins should facilitate the devel- 
opment of agonists and antagonists of specific HBQF 
Activities and Identification of the signal transduction 
pathways involved In the mechanisms of action of 
these growth factors* Chemical modification studies of 
Harper and Lobb (Harper, J* W,, and R. R. Lobb, 
1981 Biochemistry. 27:671-678) implicated lysine 132 
In HBGF4 (addle fibroblast growth ftctor) as being 
Important to the heparin-binding, receptor-binding, 
and mitogenic activities of (he protein. We changed 
lysine 132 to a glutamic acid residue by site-directed 
mutagenesis of the human cDNA and expressed the 
mutant protein in Escherichia coli to obtain sufficient 
quantities for functional studies. Replacement of this 
lysine with glutamic acid reduces the apparent affinity 



The heparin-blnding growth fector (HBQF) 1 family 
presently consists of seven structurally related poly- 
peptides (3), The cDNAs for each have been cloned 
and sequenced. Two of the proteins, HBOF4 and HBGF4, 
have been characterized under many different names, but 
most often as acidic and basic fibroblast growth fector, 
respectively. Three sequence-related oncogenes have been 
Identified; the tat oncogene was discovered based on its abil- 
ity to transform NM 3T3 cells 25, 38, 45); the tat*2 on* 
cogene was first Identified as a gene activated by mouse 
mammary tumor virus (7, 10, 11) and the FOF-5 oncogene 
was Identified using NIH 3T3 transformation assays (46, 47) 
Recently a gene termed FGF-6 was identified by screening 
a mouse cosmid library with a human hst probe under re- 

1. Abbttviation utedln (hh paper. KBGF, heptrin-btoding growth fcctor. 



of HBQF-1 for ImmobltUed heparin (elutes at 0,45 M 
NaCl vs. 1.1 M NaCl for wUd-type), Mitogenic assays 
established two points: (a) human recombinant HBOF-1 
Is highly dependent on the presence of heparin for op- 
timal mitogenic activity, and (b) the change of lysine 
132 to glutamic add drastically reduces the specific 
mitogenic activity of HBQF-1. The poor mitogenic ac- 
tivity of the mutant protein does not appear to be due 
to a reduced ( affinlty for the HBOP receptor. Similarly, 
the mutant HBQF-1 can stimulate tyrosine kinase ac- 
tivity and Induce protooncogene expression. Differ- 
ences In the biological properties of the wild-type and 
mutant proteins were observed in transfection studies, 
Mutant HBQF-1 expression in transfected NIH 3T3 
cells did not Induce the same transformed phenotype 
characteristic of cells expressing wild-type HBOF-1. 
Together these data indicate that different functional 
properties of HBGF4 may be dissociated at the struc- 
tural level, - " 



duced stringency and was shown to be capable of transform- 
ing NIH 3T3 cells (32). Finally, an epithelial cell-specific 
growth factor termed KGF or FGF-7 has been identified and 
Its cDNA cloned and sequenced (13). 

Functions associated with HBQF-1 and HBOF-2 include 
stimulation of mitogenesis, chemotaxis, mesoderm induc- 
tion, neurite extension, and plasminogen activator activity. 
These HBOFs also induce angiogencsis In vivo and acceler- 
ate wound repair (for reviews see references 3, 18, 27, 36), 
The mechanisms by which HBOFs promote these functions 
are poorly understood but may include activation of protein 
tyrosine kinase activity (8, 15, 20), phosphorylation of phos- 
pholipase Oy (6), and activation of immediate-early geoe 
transcription 07). In addition, both HBOF-1 and HBOF-2 
have been shown to be relatively resistant to degradation af- 
ter Internalization by receptor-mediated endocytosis (I4« 24, 
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34), Intact growth factor persists IntracelluUrly for several 
houn and large fo^metto 

16000 M f far HBOM) wo detectable after u many as 24 h, 
Further, nuclear or nucleolar loealliadon of HBOF-2 haa 
boon observed (2, 35). 

Despite the Identification of additional members of (he 
HBOF frailly and a broad range of cclli and tissues that con- 
tain the growth factors, and despite the availability of Urge 
quantities of recombinant protein and Increased knowledge 
of the broad spectrum of activities of potential biological 
significance that can be attributed to the HBOFs, relatively 
little is known regarding the relationship of these highly con* 
served structures to any of their known Amotions* Balrd et 
al. 0) reported the synthesis of 25 peptides, which together 
encompass and overlap the entire sequence of HBOF-2 as de- 
scribed by Ueno et al. (42)* They reported the Identifica- 
tion of two functional domains In the primary structure of 
HBOF-2 based on the abilities of synthetic peptides to Inter- 
act with HBOF receptor, bind radiolabeled heparin in a solid 
phase assay, and Inhibit HBOF-2 stimulation of thymidine In- 
corporation Into DNA. Uilng the numbering lystctn of the 
authors (which does not correspond to flill length HBOF-2) 
statistically significant functional activities could be assigned 
to peptides corresponding to residues 24-68 and 106-115 of 
HBOF-2, Similarly, Schubert et al, (39) demonstrated that 
peptides corresponding to residues 1-24, 24-68, and 93-120 
of HBOF-2 are able to stimulate substratum adhesion of 
PC12 cells. We have shown (hat a synthetic peptide corre- 
sponding to residues 49-72 of HBOF-1 (using numbering 
of 1-154 tor fall length HBOF4) Is able to compete with 
HBOF4 for heparin binding in a gel overlay assay (33). This 
region is homologous to one of the regions of HBOF-2 (res- 
idues 24-68) described above as possessing heparin-blndlng 
activity. 

lb date, the most complete and informative studies docu- 
menting the effects of chemical modification of any HBOF 
on function are those of Harper and Lobb (19), Briefly, they 
were able to show that limited reductive methyladon of bo- 
vine HBGF4 with formaldehyde and cyanoborohydridc re- 
sulted in stoichiometric metfaylation only of lysine 132 (us- 
fag W54 numbering for fall length HBGW)« They reported 
90% modification of this residue, with 60% dimetiqrfyslne. 
The modified protein exhibited significantly reduced mar- 
cat affinity for bnmoWlked heparMetatedatMX7MNaCl 
v* M-2 M Nad for unmodified HBGF-4), a fourfold reduc- 
tion In Us ability to stimulate DNA mtdiesls inWH3T3 
fibroblasts and a similar reduction in its ability to compete 
with labeled Ugand in a radioreceptor assay, A lysine residue 
Is found at this position of HBGF4 and HBOF-2 of all spe- 
cies characterized to date, Tbgether these data implicate a 
crucial role for lysine 132 in several of the known functions 
of HBGF4. 

In fills report we address the role of lysine 132 in HBOF-1 
functkm using site-directed mutagenesis of this position to 
a glutamic acid. This approach offers several advantages 
over chemical modification studies including (a) the ability 
to produce large quantities of the desired product, (b) elimi- 
nation of significant (although sub-stdddometric) modifica- 
tion of other lysines, and (c) allowing the introduction of 
modified HBOF-1 Into mammalian cells through transfection 
of cDNA expression vectors designed to produce the desired 
mutant Despite these advantages the importance of chemi- 



cal modification studies such a* those of Harper and Lobb 
(19) shouW not be underestimated for they aie extremely use- 
ful In the design of • rational approach to site-directed muta- 
genesis, The results described here demonstrate that replace- 
ment of lysine 132 of HBOF-1 with glutamic acid reduces 
significantly its apparent affinity for Immobilized heparin 
and its mltogentc capacity. However, the apparent affinity of 
the mutant for high affinity cell surface receptors appears un- 
altered, When assayed in the presence of heparin where the 
difference In wild-type and mutant HBOF-1 mltogentc activ- 
ity Is most apparent, mutant HBOF-1 can stimulate tyrosine 
kinase activity and Induce protooncogene expression. Func- 
tional differences between the wild-type and mutant HBOF-1 
are also apparent after transfection ofcDNA expression vec- 
tors Into NIH 3T3 fibroblasts, 

Materials and Methods 
Materials 

Hepefio-Sephafose, profem A-Sepharow, pKKZtt expression vector*, and 
lew molecular wcWU owtm wore purchased from ftumtQla Fine Chem* 

*s ware ttwHottotte^ IsttruRMets ttaa ftucftco, CA) . iSfenu 
for revened-fmase HPLQ amino acid analyst and amino acid » 
ware punW from Applied Btayitems, foe, (Poster City, CA). 
aad the wvftro mutagen lyitcmww 
Helshti, m. the rabbi* polyclonal KBOR-tpecISc ssObody wu 
to R, PHssd (American Red Crosi, RockvlUe, MD) and the wt.., r v 
dona! «t0^ho^(pu< Oy antibody were provided by A, ZilbefWn 
<RoMMo(«clifiology v Iao.. 

elaatlcwuo wire purchased from Oibco Laboratories (Oread UUad, NY). 
Hi^a»leculsr w^noleeultr marten were fan Bto-ftad Uborscorki 
(Richmond, CA), Eadoproielnaie ASM sod ft* random primer DNA 
labeling Idt ware pew Boehrinser Mannheim BfochcmlcsU (Indianapolis, 
IN), Other chemicals were reagent grade. 

Construction qfpREC and pl32B Prokaryotic 
Expression Plasmids 

ThcptiiaiMexpct««l^ 
atfo<hdialc«flgfowmfi^(^ 

(America Red Cto«). Thia pUsmld ww covrtmcud by dooiiuj tyntbetic 
'ootlde enssefles too mo Nco I/Hmd m tteofj*K2&4. The 
apreaatog mutant HBOF4 (glutamic add Instead of (pine m 
----- - £ pesWon m}jpt32E) wu cou*r*led as SbW Ibc Boo 

KUUM m tame* at HBGW cDNA does 1 01) via subdoned Into 

^firec^kfllfoavrtsgea^ 

too fi ccU TO4 eetla and <be rentum pUm were screened 1y MI3 

" - - ■ - — ^ ' " dteoffa* 

(Hikes. 




hko xl con ivM ctua sin me retunefn ptaauea were acreened 1 
dk***y senjueactag, the motatedHBOM^Umlnuiifentdl 
apfwdM ¥BCtor pKK2234 nmg meeristwl EcoW wd Hlodl 



Production and Purification of Recombinant Proteins 

RecoabUum pUtmlds pREC Of f»132E were introduced toathe ladP- 
betrinp Escherichia coU ftrmin JMICa ColtUfci of JMW3 besriag the 
itcoaibbtfll ptstmkb wen gim 

uifling 100 ^|/ml ampkUUa. A frnh ovtnlgM culture wu diluted aad 
gnowo until me Ks* retched «42 t tt mhlch pomt bopropyttfaJ<H3- 
pUctodde w added to 1 mM. Cclh were collected ty ceimHfug^ ind 
(cvr-i*. -SO^ for iub*e<ju«tf grwuh fcctor purlfiottiofL 

Ilk Bed «U pellets frora 2-llter cultore* were iwutpcaded In 50 ml 
onOmMTVWrO, pH7i l 5mMBmA t 50mMglucoie,A<mhiolutioa 
of hce eu bfiowme hi me lame bufler wu added to 10 /^ml. Utt cdh 
wereidxedil^ax45mtt.1^rUco^ 

mum toensfy Ulag a large probe and four 20^ pulaei c/ a Hest S^tems 
W-3S0 aookator. Tlie lyiaie wu cUrtfied by c^ctrUusaOoe at 6P00 r fof 
IS mla at 4*C The auperoalaoi wu diluted to 100 ml with 30 mM TrU- 
HO, pH 10 mM ED1A aod iocubated whh 20 inlc/h)df«iedh<varin- 



tbelcwiilofCeUBlolosy, Voujme lit, 1990 



2130 



Sepharow K 4'C with ewHwer-eno mixing tor 2 b, The res la wu duted 
batchwlse using t sintered glass tannd and successive washes of the same 
buffer containing 0, 0,1, 05, (MJ, and lJ M NeO. 

The wild«type recombinant HBOF4 duted with Che I j M NtO wash. 
The mutant was duted with tta to M KiCl westi, Aithe^h the wtkHypt 
protdo was essentially pun after heperitt&pharoee chromatography, the 
mutant HBOfM constituted ody 10-10% of the 03 M NtO wish. Both 
preparations were puriflcd to >95% purity uslna rcvemd-phaw HPLC (4), 
Tbfl rewwd-phue purified material was used for all reported studies, 

Characterization of Recombinant Proteins 

All preparations of puriflcd recombinant hunun wUd-type and mutant 
KBOP4 were analyzed SDS-PAOB, amino acid analysis, amino terminal 
setnienclng, peptide mapping, and amino add sequencing of the peptide en- 
cocnpuilng the mutated residue. Protein concentrations were determined 
by amino add analysts, Allquots of wiCd-tvpc and mutant HBOM were sub- 
jected to electrophoresis using the SDS-ttQB Mem of UemmU (26). A 
13% 4OT!«nid«, 04% ^fneOtylenobUacryTamide solution wai poly- 
mcriwd In a Hocfer mlri<gd ippantua and electrophoresis was carried out 
at • constant 200 V. Protein wu vUudised by lidriog the ad with 01% 
Coomuiio blue R-250 in 50% methanol, 10% glacial acetic add, and d<* 
staining with 9% glacial accdo add, 3 % methanol, 8amplea for amino acid 
analysis win hydrolyted with argon-purged, constant boiling 6 N HCI at 
115% for 18 h using a Ptco4ag workstation (rVtoeti Associates, Mllford, 
MA). Amino acldi ware dortvtUted with phewifaOdocyanata and sepa- 
rated with a PTC analyser (model 150A; Applied Hkxytuma, Ina), A 
Vfalera MO lyitom wai uied for data collection and reduction Amino acid 
leotwneoa were established uilng a Motrin sequencer (modd477Aj Ap- 
plied Btotyttemt, Inc.) using modified Bdnun chemistry and an online 
modd I20A PTH sneiyier. Peptide mapping of recombinant protein after 
digestion Wlthcndoproiclaass AsjvN at 1 1:23 ratio of entyme to protdn 
InSOmMNaaHPO*, pH 14 57*0 for 18 h was performed uilng a micro- 
bore HPLC iy»tem (model 130A; Applied rU>systcm*, Inc.), The appropri- 
ate peptide! warn (objected to amino add sequence enejyiii to eatabfUh (he 
fidelity of expression of the wild-type and mutant HBOM wet on. 

Stability Studies 

Metabolieally labeled recombinant proteins were prepared by growing bac- 
terid cutanea ai described above until the A** reached MU, at which 
point the edit were collected fay oentrintgaUon, They were wstiapended In 
98J% M9 minimal medium/! J % Lurla broth and ^Hlkucine (140 
O/mmol) wu added to 45 *Ci/tni. Celli were grown with ihaidng for 30 
mltt f e^lbenforanad<ttdond4hinthcpre 

gaiactoslde. Cdls were collected and growth i\don purified as described 
*ov£ The purified, labeled growth fi^oawcro Incubated for 48 haiai^C 
In the presence of m«lU(DMEM containing 10% calfierum) that had been 
conditioned for 48 hby NIH JD cells. The growth nK^-^ooiaMng media 
was analysed fay S0S-PAOB and autoradiography* 

MUogenk Assays 

Hie snfoogenfc activities of wil<Hvpe and mount recombinant KBOF4 
WM determined tyineesuringtnefr 
IOH 3H cdU and to atvp^ the ptoQfor^^ 
dothdlal ceOa. DMA synthesis wis determined fay sneejuriog the amount 
of pHJlhymldine Incorporated Into cdla. Briefly, NIH 113 ecus were 
seeded Into 4*-wtfl plates and grown to near confluence In DME containing 
10% calf scram. The cdla were aerum atarvod (DME, 0J% calf serum) 
foe 24 h. Mitogens were added to die wed* and incubated for 18 h. The 
cells were pulsed wtth 05 jcG/ml of pHJtbymidine (25 CJ/mnx4) for 4 h. 
The oeiU wett rinsed with PBS, fixed whh 10% TCA« rinsed with PBS, and 
then ariublliaed with 03 N HtOH. Incorporation of f H]thymidine Into 
acid-insoluble material was determined fay scintillation counting. All assays 
were performed In triplicate. 

Human smblUcd vein endothelial cdU were provided fay T. Maclag 
(American Red Cross, RockWlle, MD). They were maintdned on fibro- 
nectin-ooated plates (2 ^g/cm^ In medium 199 aupplemented with 10% 
(vol/vol) beat-inactivated FBS, IX antibkKk-andmjwKk, 10 U/ml heparin, 
and 10 ngtotl human recombinant HBOF-L For growth assay*, cells were 
seeded in 24-wefl plates at 2/XW cella/weQ In medium 199 supplemented 
aa above with the exception of KBOF4. The bdicatcdamo^c/wiW^ 
or mutant HBOP4 and heparin were added to the wdU. The media was 
changed ever other day. After 7 d in culture, cdls were trypslniaed and 
counted using a hemocytomctef. 



Competitioner Binding and Cross-Unking to C*U 
Surface Receptors 

SfJ? k t2L W & ^ P^^WP^^ washed four toeTwS 
binding buffer. The cdla were then Incubttedfor 20mks*4^ wlA 1 
c<OJmMdWflimMyt sobers 

reted off M THs4<a pH UX%c 

ceUi were washed with PBS, scraped rxomme plates and peOetcd for 10 s 
at 13J0OO g, Ine Pdkd were extracted wfct I00adcjf5053iw^ t arfrf 
EOTA, 200 tnM NaO* U)% TVitoo X4O0, 01 mM pn^^aed^Rdt^tnl 
fliwride, P H7i for 20 ink at 4^11* extras werel^ 
min at 15,000 1. The wpenutints were removed sod mixed within coual 
volume of LaemmJI sample buffer for 80S-RM3E anajyilt 

Stimulation of Protein tyrosine Kinase Activity 

HM JT3 cells ware grown to confluence la 100 mm dishes and aerum 
starved as described above. The cdls were th« expoied to dauent 1A oc 
lOn^inlofwU^cTmuiantHBaWforlOmta 
wuhcd once with cold PBS then Ivted In buffer containing lOmMTVU, 
50 mM NaO, 5 mM BDTA» 30 «\M Ha^ SO mM aediw pyrorfcoephate, 
100 i(M sodium ortbovan-J^ L0% Triton X400, lmMphem£ned»fcat- 
forni fluoride. pH The cdls were scraped from the ifoce, %ore«d , 
and incubated on ke for 10 min. Ljutes were ciarifled by ceitfritWatioo 
at IQflQOg for 10 niind4*C^tfwaupemaiattts were ir&ted with en equal 
volume of 2x LaemmU sao^ie buocr. Sampiea (oormatired to eeQ iaam- 
ber)were subjected to MOfita the preaenceof SDS. 11» proidna were 
transferred to dtrocdlulose and immonoblotted wttfa andi^boapbotvrodne 
amlbodies u described 05). Tne Woti were Incubated with ^-frotdn A 
*od phoff hotyfosine-cootai^ 
phy. la some exnerifnearj the InUd 
bound anti-phosphoUnaseC^ij^^ 

for90mlnat4 < d The beads were washed whn20inMHef^0i%THtoo 
X-tOA 150 mM NaO, 10% glycerol, pH IS Immunopre^hated protdns 
were duted from the beads with 2 x Laemmli sample buffer and sutyocted 
to^E^an^ettrrn Wotting whh antii>hoiphotynxine atitibodki ai 

RNA Gei Blot Analysis 

HSH 3T3 cdls were Incubated for 48 h in DME&5% ICS and then chber 
en^tottlated or stimulated with wtfd^vpc or matant HBQFJ for the^ 
indicated timet. Cefli wm aaxvested, tcOl RHA was prepared (rf); aod 
10a<gofeacnaa«nlewaaaenat^ty el e eU ^ 
containing formalddnde. The gds wtre sta^ with etWto bromfclc 
phetograpbed to *rhV clisi each lane oontdned^ «{8dnnm«ttt4f an- 
degraded riboaomd RNA.JRNA was decSreblotted onto £etabSnd^ytoo- 
filten and crorfinfced by UV imdiatioe. The restriction fragmenti atsed 
and source of the DKA probes were as follows: (A c£*< 2itt Nco V 
Xho I tragment oCpofosA; American Type Qrfture Oouocdon, Itockvflle, 
MD;(6)cV««, l^Kh*m/Ba«rofagmeat^ 
gel, UiiK«itty of California, U feOa, (c)c-f^ L44hSrt 1 trasmcm 
of pHSR4; A3CC; (rf) ajycerddchyk 5i>hosphase d^hydrefenaye, OJMb 
Pst I/Xbe I fragment of pHcOAP; AICC The probes were sanded with 
[*P}4CTP CW0 OAnmoi) utbg a mriom primer Ubding kit Hybrid- 
ixation and filter washes were u described (17). Blots were exposed to Ko- 
dak XAR5 film at -70*C 

Transection of NIH 313 Cells with HBGF-1 
Eukaryotic Expression Ptasmids 

NIH 3T3 cells in 100 mm dishes were transacted with plasmld DKA by 
the caldum phosphate predpHation rneo^ (44). CdU were hxwbawd with 
either 1 ftgof pSV2 oeo (4 1) or co-trinsfected widi a mixture (1:10 fig) of 
pSV2 neo and either KBOm wOd-type expression vector (p2$7) or HBOfM 
mutant expression vector (p268). The e4asmid p267 U described In laye et 
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fUw* /, Stimulation of DNA synthesis la NTH JT3 celU by wild-typo tod mutant HBOM, Call* were grown to near confluence md 
serum starved for 24 h u described In Materials and Methods. Colli were treated with the Indicated concentration! of wild-type (•) or 
mutant U) HBQF-1, Incubated for 18 h, and then pulsed with 05 ^Cl of pHJthymidlne/mi for I h, The celli wore harveited uid Incorpo- 
ration of radioactivity wu determined. Both wild-type and mutant HBOM were niayed In the pretence of 0 (4), i (fl), or SO U?ml 
heparin <C), 



al. (23); p26l *u coetttrvcted by replacing the 297htPvuII/B|iafrumem 
offOtf (enebdUv inOno adds H^5jywTth the cormpoadlng rwloa from 
Asprobi^ej^lOtf^^ 

od».C^wertipUtlolOdUheiaadtrtnil^co(^ were wlectodby 
Incubating the cells la DMB, tOK calf Kroraeontaiitfog 500 jis/ntfOenetl- 
ela. Tbc modi* *m* dua$*d every 3-4 d, AfWf i wk, trwufcetod cotonJei 
weraanslytedfarHBGm exjwiion by Weaem Wo< antiysU using rtbblt 
potydooal HBQIM-ipedAc smlbodtes end ^Hmaetn A at described 
above. 

Results 

Hepartn-blnding Properties of HBOM Mutant pl32E 

A drastic reduction in the apparent affinity of HBQF-1 con- 
taining glutamic *cid In place of lysine at position 132 was 
observed during the purification of the recombinant proteins 
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Fi&ure 2. Ability of wild-type and mutant HBGiM to stimulate 
growth of humid umbilical vein endothelial ceils, Cells were 
seeded and cultured as described in Materials and Methods, Cell 
number after 7 din culture in the presence of the indicated concen- 
trations of wild-type (o/e) or mutant (a/a) HBGF-1 in the ab- 
sence (0/a) or presence (e/a) of 50 U/ml heparin is shown, 



from tho Escherichia coll lysates. Recombinant wild-typo 
HBOM from £ coll tysates can be purified to near 
homogeneity with a single hoparln-Sepharose step. Hie pit)- 
teln binds the Immobilized heparin during extensive washing 
with 0,S and 065 M NaCl-contalnlng buffers and la eluted 
with a single step of 1,5 M Nad-containing buffer. In con- 
trast, heparln-Sepharose affinity-based chromatography 
could not be used as a single purification step for the mutant 
HBOF-1. The mutant protein binds Immobilized heparin In 
the presence of 0,1 M NaCl but was eluted during the 0.5 M 
NaCl wash. Both wild-type and mutant HBQF-1 (1.5 and 0.5 
M Naa eluateSi respectively) could be purified to apparent 
homogeneity using wversednphase HPLC. Detailed analysis 
of the apparent affinities of the two purified proteins for im- 
mobilized heparln-Sepharose using relatively shallow, linear 
NaQ gradients indicated that the mutant HBQF4 eluted 
with 0.45 M NaCl whereas wild-type required LI M NaCl 
to be eluted (data not shown)* For all of the assays described 
below we used teversed-phase HPLC purified wtid^type or 
mutant HBGF-L Protein concentrations were determined by 
amino acid analysis of preparations that had been shown to 
be the desired HBOF-1 form by peptide mapping and amino 
acid sequence analysis (data not shown). 

Autogenic Properties of HBOF1 Mutant pl32E 

The ability of the HBOF4 mutant to stimulate mitogenesis 
was compared to that of the wild-type protein using two 
different assays. In the first, the ability of the two proteins 
to stimulate DNA synthesis in NtH 3T3 cells as measured 
by PH] thymidine incorporation was examined. The assays 
were conducted over a broad range of HBOF4 and heparin 
concentrations/ Two important points can be made from the 
data in Fig. 1. One, the wild-type HBOF-1 has a dramatic 
requirement for the presence of heparin for optimal mito- 
genie activity and, two, the mutant HBOF-1 Is significantly 
less potent than wild-type protein In the presence of added 
heparin. As can be seen In Fig. l v the maximal difference in 
mitogenic potency was observed in the presence of 5 U/ml 
heparin (<v30-foid) f Little difference (approximately three- 
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Table t. Cell Nmbtr (X W) 







Growth tout wooentmk* (n(/mi) 




0 


0,1 04 1 5 10 


Wlkkype HBOF-1 


1.4 
1.7 


t.6 1.3 1.2 1.7 1.4 
2,0 1.9 2.9 12.6 (6.6 



fold) between the wild-type and mutant protein is seen in the 
absence of added heparin because of the relative lack of 
mitogenic activity of wikkype human recombinant HBOF-1 
in the absence of heparin. The possibility that the reduced 
mitogenic activity of the mutant HBGF-l is relaxed directly 
to its reduced apparent affinity for immobilized heparin is 
supported by the observation that the difference in the mito- 
genic potency between the wild-type apd mutant protein Is 
reduced to M8*fold In the presence of SO U/ml heparin. 

In the second mitogenesls assay the abilities of the wild- 
type and mutant proteins to support the proliferation of hu- 
man umbilical vein endothelial cells were compared, The 
results shown In Fig, 2 are consistent with those described 
above In that they demonstrate a dramatic heparin require- 
ment of the wild-type HB0F4 for biological activity end that 
the mutant HBO w 4a not able to support cell proliferation 
to the same extent as the wild-type protein, These experi- 
ments were conducted In dt* presence of 50 U/ml heparin 
and the endothelial cells were seeded in the presence of 10 
ng/ml wild-type HBOM. When growth assays were con- 
ducted In the presence of 5 U/ml heparin without wild -type 
protein during the seeding, mitogenic deficiencies of the mu- 
tant protein were more pronounced (Table I), The results 
shown In Fig. 3 demonstrate that the reduced mitogenic ac- 
tivity of the mutant HBOF-1 does not appear to be the result 
of any increased susceptibility of the protein to proteolytic 
digestion by components in serum or the conditioned media 
of NM3T3 cells, 

r Receptor-binding Activity of HBGM Mutant pl32E 
The results presented above are consistent with the observa- 



Figure I Analysis of the relative stability 
of wild-type and mutant HBOF4 in NTH 
313 cell-conditioned media. The wild- 
type and mutant proteins were labeled 
and purified as described In Materials and 
Methods, The proteins were incubated in 
the presence ofKtH 3H cell-condiUooed 
media for 4g h at 37°C and then subjected 
to SDS-PAGE, The gels were dried and 
labeled proteins visualized by autoradiog- 
raphy. Lane 1 contains wild-type HBOF-l 
and lane 2 mutant HBOF-L the apparent 
molecular weights of both proteins are 
identical to that of HBOR before incu- 
bation. 
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uotu of Harper and Looo 09) using bovine brahwfcrivtd 
HBOR selectively methylated at lysine 132, although the 
magnitude of the reduction in mitogenic potency (<v304oM 
for 3T3 cell assay) as compared with the *4-ftld decrease 
reported by Harper and Lot* 09) is significantly greater. 
They also reported reduced receptor-binding activity for the 
modified protein. We examined the abilities of the wild-type 
and mutant recombinant HBOF-1 to compete with "[-la- 
beled bovine HBOF-1 for binding to ceil surfrce receptors 
on NIH 3T3 cells at a concentration of added heparin (5 U/ 
ml) where the difference b mitogenic potencies of the two 
proteins was greatest. 

The receptor-binding activity of the mutant HBOF4 was 
established by competition for cross-Unking of ("l-HBOEM 
to 150,000- and 130,000-Af, proteins present on the sur&ce 
of NTH 3T3 cells (16) « The results shown in Pig. 4 demon- 
itrate that the mutant HBOF-1 Is similar to wild-type protein 
in its ability to compete for reccptor-ligand cross-Unting, 

The functional consequences of HB0F4 binding to to cell 
surface receptor Include stimulation of protein tyrosine U- 
nase activity (8, 15, 20) including phosphorylation of pboi- 
pholipase (6)* Fig. 5 A demonstrates that both wild-type 
and mutant HBOF-1 are able to increase thephoapbotyroaine 
content of 150000*, 90JWKK and IQflQO-M, proteins cod, 
to a lesser extent, proteins tvith lower relative molecular 
masses as judged by Western blot analysis with pfe'icto- 
tyroslne-speciflc antibodies. Hie dose response and extent of 
activation Is similar for the two forms of the growth factor 
Stimulation of the phosphotyrosine content erf pbospbolipese 

was examined by and-phospbotymineWest^ 
ysls of 3T3 cell lysates after ImmunopredpHatioa using anti- 
bodies that Recognize phospholipase C-y, Fig. 5 B demon- 
strates the 1 mutant HBOF-1 shares with wild-type HBOF-1 
the ability to stimulate tyrosine phosphorylation of phospbo- 
Hpase C-y. These data regarding stimulation of tyrosine ki- 
nase activity by wild-type and mutant HBGF4 are in good 
agreement with the receptor-binding data described above 
but do not provide insight into the functional basis for the 
relatively poor mitogenic capacity of this HBOF4 mutant. 

Protoonccgene Induction by Wildtype and 

Mutant HBGM ♦% ^ 

Tb< results described above ind^ 
erties of the mutatuHBOF4 associated with^ 
cur at the cell surfcee (Le,, iec^r4*i41ngijrf^rodi^ti-, 
nase acd vation) are no rraal with respect to those of wild-type 
HBOF-L In addition to tyrosine kinase activation, another 
early response to HBOF-1 receptor-binding Is the elevation 
of protooncogene mRNA levels (17). lb determine the effect 
of wild-type and mutant HBGF4 on protooncogene expres- 
sion, Nffl 3T3 cells were serum starved and then either left 
unstimulated or stimulated with 10 ng/ml wild-type or mu- 
tant HBOF-L Heparin (5 U/ml) was also added to the cells 
receiving growth factor Cells were collected at various 
limes after stimulation, RNA was prepared, and levels of 
c-fbs< cjm< c-myc, and glyceraldehjde S-phosphatc dehydro- 
genase mRNA (as a control for the amount of RNA loaded 
in each lane) were assayed by RNA gel blot analysis. Wild- 
type and mutant HBOF-1 increased protooncogene mRNA 
levels to a similar degree; maximal levels were observed at 
30 min (cjbr, c-/w) or 2 h (c-myc) after stimulation (Fig, 
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Flgur* 4 Ability of wU4*a* and mutant HBOM to compete with 
^Mabcled bovine HB0R for cross-Unking to 150JOOO- and 
13G0OO-mol wt ceU wftw receptors. NIH jracetis were incu- 
bated with 1 ng/ml bovtae ™I-HBGF4 and either 04 1 A 54 
10Aor5O0 ng/ml of wild-type (Unci W). or mutant (iwves 6-10) 
human recomblnintHBOR in the pretence of 5 U/ml heparin. Af- 
ter incubation, the oeiU were treated with cross-Unking reagents as 
described in Materials and Methods* the apparent molecular wttghu 
of cross-linked species were determined after SDS-PAOE and auto* 
radiography. The positions of two cross-linked 150000- and 
l3G0OO-mol wt species, which correspond to the known apparent 
molecular weights of HBOP receptors, are indicated with arrows. 



6), The addition of heparin alone did not induce ppotoon* 
cogenc expression, Since the mjtogenlc differences between 
the wild-type ami mutant HBOF4 are more pronounced at 
lower growth fector concentrations, we also stimulated cells 
with as, 10, 5A and 10 ng/ml wild-type and mutant growth 
factor (again in the presence of heparin). At all four concen- 
trations used, the wild-type end mutant HBQF4 were simi- 
lar In their ability to Induce c-fbs mRNA expression (Fig, 7), 

Overexpression qf Wild-type and Mutant HBGF-1 tn 
Transected Nlnfld Cells 

It was demonstrated previously that overexpression of wild- 
type HBOF'l In transfected Swiss 3T3 cells resulted In celts 
with an elongated, tramformed morphological phenotype 
that grew to higher saturation densities (23), This trans- 
formed phenotype occurred even though the HBOF-1 poly- 
peptide was not detectable in the conditioned media of these 
cells. We have shown that the mutant HBOF-1 Is not a potent 
mitogen although It can bind receptor and Initiate early 
events associated with mltogenlc signal transduction. Tb In* 
vestjgate whether the Intracellular Amotion of the mutant 
HBOR was altered, we examined the ability of this protein 
to induce a transformed phenotype In NIH 3T3 cells, Cells 
were either transfected with a plasmld conferring neomycin 
resistance or co-transfected with the neomycin resistance 
plasmld and wild-type or mutant HBdF4 expression vectors. 

Fig. 8 shows the results of Western blot analysts of trans- 
fected cell lysates using HBOF*l-speclfle antibodies. The 
Western blot analysis was normalized to cell number and 
provides the basis for our designation of relatively high or 
low levels of HBOF-1 expression. The results shown In Fig. 
9 demonstrate thut cells expressing a high level of wild-type 
HBOF-1 (Fig, 9 B) and to some extent a low level of wild- 
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Figure 5, Stimulation of protein tyrosine ki- 
nase activity by wild-type and mutant 
HBGF-L (A ) Serum starved NIH 3T3 cells 
were either (line /) unstimulated or treated 
with 5 U/ml heparin and (lane 2) 1 ng/ml 
wild-type; (lane S) 10 eg/ml wild-type; 
(lane 4) 1 ng/ml mutant; or (lane 5) 10 
ng/ml mutant HBGF-L the cells were 
processed as described in Materials and 
«<PLC * * Methods and phospho«)ToslncH»tttalning 
proteins were visualized using andphospho- 
tyrosine antibodies and ^-protein A, The 
arrows Indicate the positions of 150,000-, 
9O0OCKand7Q/X»Hno^^ 
phosphotyrosine content are increased by 
the addition of wlkMype or mutant HBGF-L 
(B) Cells were incubated as In A with the 
exception that cell tysates were immtmopre- 
cipitated with anti-phosphollpasc C~y anti- 
bodies before Western blot analysis with an- 
ti-phosphotyroslne antibodies, Cells were 
either (lane /) unstimulated or treated with 
(lane 2) 10 ng/ml wild-type, or (lane 3) 10 
ng/ml mutant HBOF-L The arrow shows the 
position of a 150000-mol wt protein whose 
phosphotyrosine content is Increased ty 
treatment with wild-type or mutant HBGF-L 
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d\ Effect of wild-type and muunt HBOP-1 on protooncogcne 
mRNA levels, Serum starved Ntti 3T3 cell a were either left un- 
stimulated or treated with heparin (5 U/nd) and 10 ng/ml wild-type 
(hy) or mutant (mf) HBOF-1 for the Indicated lime periods* RNA 
was prennred and used for RNA gel blot hybridization using the ra- 
diolabeled DNA probes Indicated on the left side (GAPDtf, glyoer* 
alddtytie 3-pboipbate dehydrogenase). The upper and lower tick 
marks on the left fide of each panel represent the positions of 28 
and.ISS rRNA, respectively 



stoichiometric modification of lysine residue 132 (urin* the 
1-154 numbering system for fuIHengtb HBQF4) , It******- 

In all HBOfM and HBOP-2 sequences reported to date, wms 
responsible for the reduced apparent affinity for imiooMtaxi 
heparin, die reduced autogenic capacity* and the reduced 
rcceptor+Inding activity of the modified ptetda. The results 
presented bete using site-directed mutagenesis to iddre*s 
the role of lyalne 132 on the functional properties of HBOF-1 
are in general agreement with the conclusions of Harper and 
Lofab (19). Specifically, substitution of lysine 132 for glu- 
tamic add reduces the apparent affinity of the recombinant 
protein lor immobilized heparin (elutes at 0.45 M Nad com- 
pared with 1.1 M NtCl for wildHype) and significantly re- 
duces the mitogenJc potency of the growth ftctoc. The re- 
duced mltogenic potency may be a direct consequence of the 
reduced Apparent affinity of the mutant HBOF-1 for heparin 
since it has been demonstrated that the class 1 heparin- 
binding growth factors in general (29) sod human HBOF-1 
In particular (22, 43) are dependent on the presence of hepa- 
rin for optimal biological activity, 

Our results do not support the notion that the reduced 
mltogenic capacity of HBOF4 containing glutamic add b 
place of lysine at position 132 U due to reduced binding to 
cell surface receptor*. The receptor-binding property* of 
the mutant HBOF-1 are not distinguishable from those of the 
wild-type protein as judged by cross-Unking experiments 
(see Fig. 4). In addition, the mutant KBOF4 is able to In- 
duce the same pattern of tyrosine kinase phosphorylation as 
is the wild-type protein (see Fig. 5) and can induce pcoto- 
cmcogcne<£[»»*sion (see Fig. 6), The majority of the studies 
presented here utilize a heparin concentration of 5 U/ml; the 
concentration where maximal difference between die mlto- 
genic activity of wild-type and mutant HBGF4 was observed 
in the 3T3 cell thymidine incorporation assay. It should be 
noted that in the absence of heparin, the mutant HBOF4 
competes poorly with labeled wild-type HBOF-1 in cross- 



type HBOF-1 (Fig. 9 D) have acquired a more polar, elon- 
gated phenotype characteristic of transformed 3T3 cells. 
This phenotype is not seen in cells expressing neomycin re- 
sistance alone (Fig. 9 A) or in cells expressing relatively high 
levels of mutant HBOP-1 (Fig. 9(7). It should be noted that 
we have not been able to detect HBOF-1 immunoreactivlty 
in the media conditioned by these cells and that the cells ex- 
pressing relatively high levels of wild-type HBOF-1 show en- 
hanced growth in soft agar relative to untransfocted cells or 
cells expressing high levels of the mutant HBOF4 (data not 
shown). These results ate consistent with the results of the 
mltogenic assays described above which demonstrate that 
the growth-promoting activity of the mutant HBOF-1 is rela- 
tively low when compared to the wild-type protein. 



Discussion 

The experiments described in this report were initiated as a 
result of the chemical modification studies of HBOF-1 
reported by Harper and Lobb (19). They demonstrated thai 
reductive methylation of HBOF-1 resulted in selective, 
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Ft£un 1 EncctofdinctcnU 
tkms of wikNype and mutant HBGF4 
on ofos mRNA levels. Serum starved 
NtH 313 cells woe either left un- 
stimulated or tteated wi& heparin (S 
U/mi) and (A) 05 ng/ml, (B) Ifing! 
ml, (O 50 ng/ml, (D) 10 ngfal wild- 
type (m) or mutant (mf) HBOF-1 for 
the Indicated time periods, RNA was 
prepared and used for RNA gel Wot 
hybridization using the c^f DNA 
probe (upper panels) or glyoeraWe- 
hjdeJitospoatedd^^ 
probe (lower panels), 
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< flf «r* & Western blot analysis of 
HB0F4 In NIH 3T3 cells transfer 
ed with wild-type or mutant HBOF-l 
expression plaimkk NIH 3T3oelU 
were trawfccted as described In 
Material* and Methods, The figure 
— ihowsthe relative levels of HBOF-l 
taununoitactivtty present In lysatcs 
of cella tranjfected with wlld*type 
HBOF-l (lane h done producing 
relatively high level of HBOF-l; 
**V$t ****** lane 3, clone producing relatively 

* o o a c low level of HBOF-l) normal NIH 
1 ^ <J <* O 3T3 celU (lane 2), cells traiufccted 
with oSV2neo alone (lane 4), and 
cells transfected with mutant HBOF-l (UoeJ). For each cell type, 
10* celU were lysed with 1 ml of 2x Laemmll sample buffer and 
a 60-^1 aliquot was used In the Western blot, 



linking assays (data not shown), In addition, whereas the ap- 
parent affinity of the mutant HBOF-l for Immobilized hepa- 
rin U reduced, It does bind at Ionic strengths (U M ~o.5 M 
NaCt) that exceed those known to be physiologic. Thus, the 
data presented here Indicate that the mutant can utilize the 



presence of heparin to restore some (i<e,, receptor-binding, 
tyrosine kinase activation, and protooncogene Induction) but 
not all (U<, stimulation of PHjthymldlne incorporation 
Into DNA and endothelial cell proliferation) of the activities 
of the wild-type protein, Similarly, It Is of interest that the 
wild-type protein competes with labeled HB0F4 for recep- 
tor-binding and Induces protooncogene expression at similar 
concentrations In the presence or absence of added heparin 
yet It requires added heparin In order to promote DNA syn- 
thesis and cell proliferation (Figs, I, 2, 4, and 6; and data 
not shown). Thus, the relatively poor mltogeoic activity of 
the mutant protein may be related to its reduced apparent 
affinity for heparin, TTic data presented here demonstrate 
that "high* affinity receptor-binding, activation of tyrosine 
kinase activity, tyrosine phosphorylation of ipoolflo sub- 
strates, and Induction of protooncogene expression may be 
necessary but are not, by themselves, sufficient to sustain a 
mltogenlc respdnse to the presence of HBGF-1. These results 
are consistent with the observations of Escobedo and Wil- 
liams 02) who showed by stte-dlrected mutagenesis of the 
PDOF receptor and cDNA transfcctlon that mutants could 
be constructed that were responsive to PDOF with respect 
to receptor tyrosine kinase activation and Increased pnos- 
phatidyllnosltol turnover but did not elicit a mltogenlc re- 




Figure ft Morphology of NIH 1ft cells transfected with Wild-type or mutant HBOF-l expression plasmid*. The figure shows micrographs 
of the same NtH 3T3 cells analyzed by Western bioi analysis in Fig. 8, A shows cells tranafceted with pSV2neo only and B-D show cells 
co-transfceted with p$Y2oeo and expression vectots for wild-type (fi and D) and mutant (O HBOR- The cells shown in B correspond 
to those expressing relatively high kvtls of HBOF-l (Fig. 8, lane / ), whereas those shown in D correspond to those expressing relatively 
lttdc HBOF-l (Fig. 8, lane 3). 
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spouse to PTXJK Similarly, Jkveriasson et al« (40) used 
similar methods to generate a system where the mutant re- 
ceptor could mediate an increase in c-fas expression in re- 
spouse to PDOP but not actin reorganisation or mitogens is. 

The mltogenlc deficiencies of the mutant HBGFM may be 
due to reduced biological stability In tissue culture medium, 
reduced binding to cell surface proteoglycans, an altered In- 
tracellular stability, and/or an altered affinity for an intracel- 
lular receptor or binding protein. It has been established that 
the presence of heparin protects HBOF4 from thermal and 
proteolytic iaactivadon (28, 37). In addition, it has been 
shown that "^labeled HBOR is relatively insensitive to 
lysosomal degradation after receptor-mediated endocytosis 
04). There is no obvious difference in the susceptibility of 
wlkHype and mutant HBQF4 to proteolytic cleavage by the 
conditioned media of NtH 3T3 cells cultured in the presence 
of 10% calf serum, However, the relative resistance of wild- 
type and mutant HBQF-1 to proteolytic modification In the 
presence of target cells or after receptor-mediated endocyto- 
sis has not been established. It is also possible that the mu- 
tant protein Is more susceptible than the wild type to nonpro- 
teolytie Inactivation, Further studies should reveal whether 
the altered activities of the mutant HBOR are a conse- 
quence of Its reduced apparent affinity for heparin. 

In summary, the data presented here demonstrate that the 
various functions of HBQF-1 can be dissociated at the struc- 
tural level. The observation that sitn-directed mutagenesis 
can be used to produce recombinant proteins with "normal" 
receptor-binding activity and reduced mitogenic activity in- 
dicates that simitar methods could be used to produce potent 
antagonists ofHBOF4. More Importantly, these results indi* 
cate that it may be possible through structure-ftmction anal- 
ysis and site-directed mutagenesis to generate mutants that 
retain certain (t,e„ chemotactic, mitogenic, or heparin- 
binding) but not other biological functions characteristic of 
the wild-type protein. Finally, whereas the data presented on 
v the teceptor-binding and tyrosine kinase activation proper- 
ties of me pl32B mutant demonstrate that a lysine residue 
at this position is not critical for these functions, it is still 
possible that mediation of a lysine at this position could 
lead to reduced receptor-binding activity of HBOF-1 (L9). 
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